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緒言 
 
 Technetium（Tc）は第 7 族，第 5 周期に位置する原子番号 43 の遷移金属であり，1937
年にイタリアの Segre らが molybdenum に重陽子を照射して人工的に製造し，ギリシア
語の technikos（人工の）にちなんで命名した．Tc には 20 種類以上の同位体の存在が知
られているが，いずれも放射線を放出し安定同位体は存在しない．このうち 99mTc は画
像診断に適した半減期（6 時間）と放射線の体外計測に適したエネルギー（140 keV）
のg線のみを放射し，さらに 99Mo との放射平衡を利用したジェネレータシステム
（99Mo/99mTc ジェネレータ）で容易に入手できることから，現在，核医学画像診断に最
も汎用されている放射性核種（RI）である(1-3)．一方， Tc と同族で，第 6 周期に位置
する原子番号 75 の遷移金属である rhenium（Re）は Tc と類似した化学的性質を有する．
Re にも 20 種類以上の同位体が存在するが，186Re および 188Re は共にb-線を放出するこ
とから癌治療や骨転移癌の疼痛緩和への応用が進められている(4-7)．186Re は主に原子
炉における 185Re(n, g)186Re 反応から製造され，90.6 時間の半減期で最大エネルギー1.07 
MeV のb-線を放出し，組織中で 4.5 mm の飛程を示す．188Re は，188W との放射平衡を利
用したジェネレータシステム（188W/188Re ジェネレータ）により入手可能であり，17 時
間の半減期で最大エネルギー2.11 MeV のb-線を放出し，組織中で 10.2 mm の飛程を示す．
188Re は親核種が 188W であるため非放射性の Re を含まない無担体状態で得られるが，
186Re には原料の非放射性 185Re が混在するため，その単位物質量当たりの放射能（比放
射能）は 188Re に比べて著しく低い．このように 186Re と 188Re は半減期，b-線の最大エ
ネルギーおよび比放射能が大きく異なるため，標識薬剤の体内動態や標的分子の結合容
量などに応じて使い分けられる． 
 Tc には安定同位体が存在しないため，Re を始めとする他の遷移金属に比べて，その
化学研究は遅れていた．しかし，半減期約 21 万年のb-線放出核種である 99Tc を用いた
Tc の化学研究の進展に伴い，血液脳関門の透過性や心筋細胞への移行性を示す 99mTc 錯
体が開発され，現在では局所脳血流や心筋血流などの臨床診断に使用されている(1-3)．
最近の分子イメージング研究の進展を受けて，サイクロトロンで製造される炭素-11 や
フッ素-18，あるいはg線放出核種であるヨウ素-123 標識薬剤と同質の生体情報を与える
99mTc 放射性薬剤の開発が強く要望されている．また，高いエネルギーのb-線を放出す
るイットリウム-90 で標識した抗 CD20 抗体が非ホジキンリンパ腫に高い奏功率を示す
ことから，186Re あるいは 188Re（186/188Re）を始めとするb-線放出体を用いるアイソトー
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プ治療薬剤への期待も高まっている． 
 99mTc および 186/188Re（99mTc/186/188Re）標識薬剤は，主として抗体などのポリペプチド
やビスフォスフォン酸などの標的分子認識素子に 99mTc/186/188Re と安定な錯体を形成す
る配位子を結合した“Bioconjugate”を作製し，次いで 99mTc/186/188Re との錯形成反応を行
うことで合成される（Figure 1） (1,3,8)．しかし生体に投与した場合，組織内で
99mTc/186/188Re 標識体は単独で存在するため，錯体の解離あるいは錯体と生体成分との配
位子交換反応が進行 して所期の体内動態 が達成されない場合 がある (9) ．また
99mTc/186/188Re と錯体を形成していない Bioconjugate が生体内の金属酵素を阻害して，
99mTc/186/188Re 標識体の体内分布を損なうことが懸念される．しかし，99mTc/186/188Re 標識
体の体内動態は放射活性を指標とするため，得られた結果が薬剤設計に起因するのか錯
体の安定性等の欠如等に由来するのか判別できず，薬剤設計の評価を困難とする． 
 最近，安定な１価の Tc や Re の有機金属錯体である cyclopentadienyltricarbonyl metal
（CpTM, metal は Tc または Re）が開発された（Figure 2）(10,11)．本錯体はシクロペン
タジエニル基を支持配位子として Tc や Re と化学的に安定な結合を形成する．そこで，
99mTc/186/188Re 錯体と標的分子認識素子との結合を基盤とする薬剤設計について CpTM
を用いて基礎的研究を行った．  
 最初に，化学構造の確認の可能な cyclopentadienyltricarbonyl rhenium（CpTR）の生体
内での安定性および代謝を検討した．そして，無担体状態の CpTR 誘導体である[188Re]- 
tricarbonyl(carboxycyclopentadienyl)rhenium（[188Re]CpTR-COOH, Figure 2）とそのグリシ
ン結合体である[188Re]CpTR-Gly（Figure 2）は無担体状態においても生体内で安定に存
在すること，両[188Re]CpTR 誘導体は血漿タンパクとの結合をほとんど示さないことを
認めた．また，[188Re]CpTR-COOH が生体により芳香族カルボン酸としての認識を受け
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Figure 1. Schematic drawing of “Bioconjugate” design. 
CpTM (M = Tc or Re)
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Figure 2. Structures of CpTM derivatives. 
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ること，[188Re]CpTR-Gly は馬尿酸と同様に有機アニオントランスポータにより腎臓か
ら速やかな尿排泄を受けることを認めた．これらの結果は，Re 錯体と標的分子認識素
子との結合体の薬剤設計の評価に CpTR-COOH あるいは CpTR-Gly が有用であることを
示す． 
 次いで，放射性薬剤の更なる開発が要望されている癌を対象に，抗体フラグメントあ
るいはビスフォスフォン酸に CpTR を結合した薬剤を考案し，それぞれの薬剤設計を考
察した．金属 RI 標識抗体フラグメントを生体に投与すると長時間にわたり腎臓に高い
放射活性が観察され，診断精度の低下や治療への障害となっている(12,13)．著者らは最
近，腎臓の刷子縁膜に存在する酵素の作用で標識抗体から尿排泄性の高いメタヨード馬
尿酸を放射性代謝物として遊離し，腎臓の放射活性を低減する放射性ヨウ素標識試薬
3’-[131I]iodohippuryl Ne-maleoyl-L-lysine（HML, Figure 3A）を開発した(14)．HML の分子
設計に基づく金属 RI 標識薬剤開発の可能性を検証する目的で，HML の馬尿酸構造を
[188Re]CpTR-Gly に変換した[188Re]CpTR-GK（Figure 3B）を考案し，刷子縁膜酵素との
反応性や抗体に結合後の体内動態を検討した．そして，生体内で安定に存在し，かつ尿
排泄性の 188Re 錯体を選択的に抗体から遊離するような標識薬剤の設計により，HML で
提唱した薬剤設計が 188Re を始めとする金属 RI へ展開可能であることを明らかにした．
しかしそれと共に，ヨードフェニル基を CpTR 環に変更することで，グリシルリジン配
列の開裂に関わる酵素種の変化を伴う加水分解速度の低下が観察され，金属錯体の化学
構造に応じた基質構造の選択が必要であることを認めた． 
 一方，99mTc/186/188Re とビスフォスフォン酸（BP）が形成する多核錯体は骨機能診断や
骨転移癌の疼痛緩和剤として臨床使用されている．著者らは最近，BP 構造を損なうこ
となく化学的に安定な 186Re 単核錯体と BP とを１：１で結合した薬剤が，従来の多核
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Figure 3. Chemical structtures of HML (A) and CpTR-GK (B). 
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錯体に比べて画像診断やアイソトープ治療に適した体内動態を示すことを認めた
(15-17)．本薬剤設計の妥当性を詳細に検討する目的で，[186Re]CpTR-Gly と 3-amino-1- 
hydroxy-propylidene-1,1-bisphosphonate（pamidronate, APD）が１：１で結合した[186Re]- 
CpTR-Gly-APD（Figure 4A）を考案し，186Re と 1-hydroxyethylidene-1,1-diphosphonate（HEDP, 
Figure 4B）が形成する多核錯体である 186Re-HEDP と比較した．その結果，所期に反し
て本薬剤設計が直接には骨集積の向上に寄与しないことを認めた．一方，186Re-HEDP
に存在する過剰の HEDP が骨への集積の低下や血液クリアランスを損なう原因である
ことを明らかにした．以上の結果から，画像診断薬剤や疼痛緩和薬剤に要求される骨へ
の高い集積と速やかな血液クリアランスの両立には，比放射能の高い放射性薬剤の設計
が必要であり，それには単核錯体と BP との結合体の作製が有用であることを認めた． 
 次に，99mTc を用いた心筋のエネルギー代謝診断薬剤の開発を目的に，[188Re]CpTR- 
COOH が生体内で芳香族カルボン酸としての認識を受けることに着目して，放射性ヨウ
素標識長鎖脂肪酸 15-(p-[123I]iodophenyl)pentadecanoic acid（[123I]IPPA, Figure 5A）のヨー
ドフェニル基を CpTT に変換した[99mTc]CpTT-PA（Figure 5B）を考案した．そして，
[125I]IPPA に比べると[99mTc]CpTT-PA の心筋への取り込み量は低値であるものの，これま
での 99mTc 標識長鎖脂肪酸に比べて遥かに高い心筋への集積を示すこと，心筋内に取り
込まれた後は[99mTc]CpTT-PA は[125I]IPPA と同程度の割合で代謝を受けることを認めた．
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Figure 4. Structures of polynuclear complex of CpTR-Gly-APD (A) and HEDP (B). 
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Figure 5. Chemical structures of IPPA (A) and CpTT-PA (B). 
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本研究で開発した[99mTc]CpTT-PA は心筋細胞内へ取り込まれ，エネルギー基質として認
識される初めての 99mTc 標識長鎖脂肪酸であり，99mTc による心筋エネルギー代謝の画像
化の可能性を示した．  
 以上著者は， 99mTc/186/188Re 単核錯体と標的分子認識素子との結合を基盤とする放射
性薬剤の設計についての基礎的研究を行い，癌の画像診断やアイソトープ治療，心筋機
能診断薬剤の開発に基礎的知見を得た．本研究成果より得られた知見は，99mTc および
186/188Re 放射性薬剤のさらなる可能性を示すと共に，その開発に有用な指針を与えると
考えられる． 
 
 これらの結果について以下に詳述する．  
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第１章 Cyclopentadienyltricarbonylrhenium（CpTR）誘導体の 
体内動態と代謝 
 
 99mTc および 186/188Re（99mTc/186/188Re）標識薬剤は，主として抗体などのポリペプチド
やビスフォスフォン酸などの標的分子認識素子に，その認識機能を損なうことなく
99mTc/186/188Re と安定な錯体を形成する配位子を結合した“Bioconjugate”を作製し，次いで
99mTc/186/188Re との錯形成反応を行うことから合成される(1,3,8)．99mTc/186/188Re の濃度は
極微量であることから，錯形成反応を短時間かつ高収率で行うため，99mTc/186/188Re に対
して大過剰の Bioconjugate が使用される．しかし生体に投与された場合，低分子化合物
では過剰に存在する Bioconjugate と 99mTc/186/188Re 標識体とは異なる体内挙動を示すため，
組織内で 99mTc/186/188Re 標識体は単独で存在することになる．その結果，錯体の解離ある
いは錯体と生体成分との配位子交換反応が進行して所期の体内動態が達成されない場
合がある(9)．またポリペプチドでは，多くの場合，Bioconjugate と 99mTc/186/188Re 標識体
とは同じ挙動を示すが，99mTc/186/188Re との錯体を形成していない大過剰の Bioconjugate
が生体内の金属酵素を阻害して，99mTc/186/188Re 標識体の体内分布を損なうことが懸念さ
れる．しかし，99mTc/186/188Re 標識薬剤の体内動態は放射活性を指標に追跡されるため，
得られた結果が薬剤設計に起因するのか，あるいは錯体の安定性の欠如等に由来するの
か判別できず，薬剤設計の評価を困難とする． 
 最近，d6 低スピン配置を有する安定な１価の Tc や Re の有機金属錯体である
cyclopentadienyltricarbonyl metal（CpTM, metal は Tc または Re）が開発された(10,11)．本
錯体はシクロペンタジエニル基を支持配位子としてTcやReと化学的に安定な結合を形
成する．従って，有機金属錯体である CpTM を利用することで 99mTc/186/188Re 錯体と標
的分子認識素子との結合を基盤とする薬剤設計についての基礎的知見が得られると考
えられる．しかし，これまで CpTM の生体内における安定性および代謝の詳細は明ら
かにされていないことから，最初に CpTM の生体内での安定性および代謝を検討した．
実験に使用する放射性核種には，非放射性の同位体を用いた化学構造の同定が可能であ
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Figure 1-1. Chemical structures of CpTR-COOH (A) and CpTT-Gly (B). 
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ること，極微量での CpTM の生体内安定性を評価するため，無担体状態で得られる 188Re
を 選 択 し た ． そ こ で ， 標 的 分 子 認 識 素 子 と の 結 合 が 可 能 な tricarbonyl(carboxy- 
cyclopentadienyl)rhenium（CpTR-COOH, Figure 1-1A）(11,28)，およびそのグリシン結合
体である CpTR-Gly（Figure 1-1B）の血漿中の安定性およびタンパク結合性，また，生
体内挙動と生体内代謝を検討した． 
 
１− １ 結果 
 
[188Re]CpTR-COOH と[188Re]CpTR-Gly の合成 
 CpTR 誘導体は Scheme 1-1 に 示す経路で 合成した． [188Re]CpTR-COOH は，
1,1’-bis(carbomethoxy)ferrocene（1-1），188ReO4-, Cr(CO)6，SnCl2 を用いた double ligand 
transfer 反応によって 188Re 標識化合物 1-3b を合成した後，メチルエステルの加水分解
を行い，放射化学的収率 27.9%, 放射化学的純度 95%以上で得た．[188Re]CpTR-Gly は 
[188Re]CpTR-COOH と glycine methyl ester との縮合反応の後，メチルエステルの加水分
解を行い，放射化学的収率 89.5%，放射化学的純度 95%以上で得た．また同様の方法で
非放射性の 185/187Re を用いた[185/187Re]CpTR-COOH と[185/187Re]CpTR-Gly を合成し，機器
分析により構造確認を行った．両 188Re 標識化合物は，逆相 HPLC による分析において，
対応する非放射性の 185/187Re 化合物と同じ保持時間を示した（Figure 1-2）． 
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Figure 1-2. RP-HPLC elution profiles of [185/187Re]CpTR-COOH (A) and 
[185/187Re]CpTR-Gly (B) as determined by UV (254 nm) trace (upper). Radioactivity trace of 
[188Re]CpTR-COOH (A) and [188Re]CpTR-Gly (B) (bottom) showed retention times identical 
to those of non-radioactive counterparts. Under these conditions, [185/187Re]CpTR-COOH and 
[185/187Re]CpTR-Gly were eluted at retention times of 14 and 10.5 min, respectively. 
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Figure 1-3. TLC radioactivity profiles of [188Re]CpTR-COOH (A) and [188Re]CpTR-Gly (B) 
before (upper) and after 6 h (bottom) incubation in murine plasma. Under these conditions, 
CpTR-COOH and CpTR-Gly had Rf values of 0.65 and 0.45, respectively. 
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インビトロにおける検討 
 [188Re]CpTR-COOH と [188Re]CpTR-Glyの血漿タンパクとの結合性を検討するために，
両 188Re 標識化合物をマウス血漿中で 37 ˚C，6 時間インキュベートした後 TLC により
分析した．Figure 1-3 にクロマトグラムによる分析結果を示す．両 188Re 標識化合物はほ
ぼすべてが未変化体として検出され，タンパク画分（Rf = 0）に放射活性は観察されな
かった．また，[188Re]CpTR-COOH と[188Re]CpTR-Gly のマウス血漿中および 0.1 M リン
酸緩衝液（pH = 7.4）中 37 ˚C における安定性を検討したところ，6 時間後においてもそ
の 95%以上が未変化体として存在した（Figure 1-4）． 
 [188Re]CpTR-COOH および[188Re]CpTR-Gly の 1-octanol と 0.1 M リン酸緩衝液（pH 7.4）
間 で の 分 配 係 数 を 測 定 し た と こ ろ ， [188Re]CpTR-Gly の 2.02 ± 0.05 に 対 し て ， 
[188Re]CpTR-COOH は 7.12±0.12 と高値を示した． 
 
インビボにおける検討 
 [188Re]CpTR-COOH と[188Re]CpTR-Gly をマウスに投与後，体内に検出された放射活性
の分布を Table 1-1 に示す．両 188Re 標識化合物は共に，血液からの速やかな消失を示し，
排泄系以外の臓器への放射活性は観察されなかった．投与初期から，[188Re]CpTR-COOH
は[188Re]CpTR-Gly に比べて肝臓や腎臓への高い集積を示した．また，[188Re]CpTR-COOH
は，腸管への経時的な放射活性の増加が観察された．一方，両 188Re 標識化合物の投与
6 時間後までに体外排泄を受けた放射活性は主に尿中に検出された． 
 [188Re]CpTR-COOH と[188Re]CpTR-Gly を投与し，6 時間後までに尿中に排泄された放
射活性を，逆相 HPLC により分析した結果を Figure 1-5 に示す．[188Re]CpTR-Gly では，
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Figure 1-4. Percent radioactivity as intact 188Re-labeled compound after incubation of 
[188Re] CpTR-COOH (○) and [188Re]CpTR-Gly (■) in buffered-solution (A) and murine 
plasma (B). 
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尿中に存在するすべての放射活性が，未変化体と同じ保持時間である 10.5 分に溶出さ
れた．一方，[188Re]CpTR-COOH では，未変化体と同じ保持時間である 14 分以外に，保
持時間 10.5 分と 7.5 分にも放射活性が観測された．これら 14 分，10.5 分，7.5 分に溶出
された放射活性の割合は溶出された全放射活性のそれぞれ 10.3%, 33.1%, 51.5%であっ
た．10.5 分のピークは，標品を用いた co-chromatography 分析において[188Re]CpTR-Gly
と同じ保持時間に単一のピークを与えた．また，m-[125I]iodobenzoic acid を投与した時の
尿分析では，80%以上の放射活性が m-[125I]iodohippuric acid として観察された．なお，
尿分析の前処理として行った 10 kDa の限外ろ過の前後において，放射活性の減少は観
察されなかった． 
 [188Re]CpTR-Gly の腎臓からの排泄機構を検討するために，腎臓の有機アニオントラ
ンスポータの阻害剤である probenecid を前投与し，放射活性の変化を比較した（Table 
1-2）．その結果，probenecid 投与により，腎臓の放射活性に変化は観察されなかったが，
尿中への排泄が有意に減少し，血液，肝臓の放射活性は有意に（p < 0.05）増加した． 
 
Table 1-1. Biodistribution of radioactivit y after intravenous injection of 
[188Re]CpTR- COOH and [188Re]CpTR-Gly in micea 
Time after injection  
10 min 30 min 1 h 3 h 6 h 
 [188Re]CpTR-COOH 
Blood 0.92 (0.10) 0.31 (0.07) 0.30 (0.11) 0.25 (0.11) 0.24 (0.07) 
Kidney 37.70 (8.28) 16.09 (3.34) 7.90 (0.67) 3.68 (0.33) 3.27 (0.91) 
Liver 16.14 
(3010) 
13.20 (2.81) 9.50 (0.71) 6.43 (0.51) 3.96 (0.19) 
Intestine 4.10 (1.62) 5.02 (1.46) 8.17 (2.41) 9.56 (2.57) 13.67 (1.34) 
Stomachb 0.68 (0.14) 0.85 (0.46) 0.77 (0.45) 0.55 (0.16) 0.74 (0.39) 
Urineb     55.25 (5.93) 
Fecesb     8.91 (2.44) 
 [188Re]CpTR-Gly 
Blood 0.73 (0.06) 0.40 (0.11) 0.18 (0.09) 0.14 (0.05) 0.11 (0.04) 
Kidney 21.08 (4.70) 12.07 (5.68) 4.80 (0.73) 2.44 (0.32) 1.86 (0.62) 
Liver 4.08 (0.76) 2.17 (0.85) 1.41 (0.62) 0.77 (0.04) 0.74 (0.19) 
Intestine 1.86 (0.10) 1.79 (0.63) 2.52 (1.13) 2.70 (0.84) 4.64 (1.85) 
Stomachb 0.63 (0.40) 0.84 (0.14) 1.07 (0.46) 1.89 (0.41) 0.76 (0.43) 
Urineb     77.56 (1.43) 
Fecesb     6.58 (1.53) 
a Tissue radioactivity is expressed as %ID/ g for each group (n=3-4); results are 
reported as mean (SD). 
b Expressed as %ID. 
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１− ２ 考察 
 
 99mTc や 188Re はジェネレータシステムによって無担体あるいは無担体に近い状態で入
手できることから，無担体状態での CpTR の安定性や代謝を明らかにする目的で，188Re
を用いた検討を計画した．また，Tc とは異なり Re には非放射性の 185/187Re が存在する
ため，別途作製して化学構造を確認した 185/187Re 体との比較から 188Re 標識体の化学構
造を評価した．そして，放射性および非放射性の CpTR-COOH と CpTR-Gly はそれぞれ
逆相 HPLC 分析において同じ保持時間に単一のピークとして溶出されたことから
（Figure 1-2），両[188Re]CpTR 誘導体は非放射性化合物と同じ化学構造を有すると結論し
た． 
 逆相 HPLC により精製した無担体状態の [188Re]CpTR-COOH と[188Re]CpTR-Gly は，
マウス血漿中で安定であり（Figure 1-4），また，血漿タンパクとの結合も観察されなか
った（Figure 1-3）．こうした両[188Re]CpTR 誘導体の性質は体内動態にも反映され，両者
は速やかな血液クリアランスを示した．また，生体内で Re 錯体が分解した場合，化学
的に安定な ReO4-へと再酸化され，胃に集積することが知られているが(29)，両 188Re 標
識化合物共に胃への放射活性の集積は観察されなかった．さらに，[188Re]CpTR-Gly が
尿中に未変化体として排泄されたことから（Figure 1-5），CpTR 構造は無担体状態にお
いても生体内において安定に存在することを認めた．  
 両 188Re 標識化合物の分配係数は大きく異なり，体内動態でも両化合物の脂溶性の相
違に起因すると考えられる相違が観られた．脂溶性の高い[188Re]CpTR-COOH の投与で
は，[188Re]CpTR-Gly に比べて肝臓から腸管に高い放射活性が観察された．しかし投与 6
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Figure 1-5. RP-HPLC radioactivity profiles of injected samples (upper) and urine samples 
(bottom) obtained by 6 h postinjection of [188Re]CpTR-COOH (A), [188Re]CpTR-Gly (B), 
and m-[125I]iodobenzoic acid (C). 
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時間後の体外排泄を受けた放射活性は，[188Re]CpTR-Gly と同様に主に尿中に検出され
た．尿中放射活性を分析したところ，[188Re]CpTR-COOH は，一部が未変化体として排
泄されたが，その約 30％がグリシン抱合体である[188Re]CpTR-Gly として存在し，さら
に[188Re]CpTR-Gly よりも水溶性の高い化合物の存在も認められた．グリシン抱合は芳
香族カルボン酸に対する生体の異物排泄機構であり(30)，m-iodobenzoic acid はグリシン
結合体に代謝されるが，o-あるいは p-iodobenzoic acid はグリシン抱合体と共にグルクロ
ン酸抱合体にも代謝される(31)．本研究では[188Re]CpTR-Gly よりも水溶性の高い画分に
ついての分析は行っていないが，[188Re]CpTR-COOH が[188Re]CpTR-Gly を含む水溶性の
高い代謝物に代謝されたことは，[188Re]CpTR-COOH が生体において少なくとも一部は
芳香族カルボン酸としての認識を受けたことを示唆する．また，m-iodohippuric acid が
肝細胞から消失する過程で，一部は肝臓から胆汁排泄によって腸管へ移行し，腸管で血
液中へ再吸収を受けて尿中へ排泄される(32)．[188Re]CpTR-COOH の投与で肝臓や腸管
に 放 射 活 性 が 観 察 さ れ な が ら ， 主 に 尿 中 に 放 射 活 性 が 検 出 さ れ た こ と も ， 
[188Re]CpTR-COOH が芳香族カルボン酸としての生体認識を受けたことを支持する． 
 [188Re]CpTR-Gly の尿排泄は probenecid 投与により有意に減少した（Table 1-2）．
Probenecid は有機アニオントランスポータの阻害剤であることから(33)，この結果は，
[188Re]CpTR-Gly が馬尿酸と同様に腎臓の有機アニオントランスポータの認識を受ける
ことを示す．この結果はまた，[188Re]CpTR-Gly が腎細胞内を通過する間も安定に存在
することを示すものであり，[188Re]CpTR 構造が細胞内の生体成分との反応や代謝に対
して不活性であることを支持する． 
 以上の結果から，[188Re]CpTR 構造は無担体状態でも生体内で安定に存在すること，
血漿タンパクとの結合をほとんど示さないことを認めた．また，[188Re]CpTR-COOH は
生体内で芳香族カルボン酸としての認識を受け，グリシン抱合体などへと代謝を受ける
こと，[188Re]CpTR-Gly は馬尿酸と同様に有機アニオントランスポータにより腎臓から
速やかな尿排泄を受けることを認めた．本検討結果は，Re 錯体と標的分子認識素子と
の結合体の薬剤設計の評価に CpTR-COOH あるいは CpTR-Gly が有用であることを示す．  
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第２章 癌のアイソトープ治療を目的とした 188Re 標識低分子 
ポリペプチドの分子設計 
 
 放射性ヨウ素-131 を用いた甲状腺癌のアイソトープ治療は，本邦を含めた多くの国々
で広く施行され，その有効性と安全性が認められている．最近，高エネルギーのb-線を
放出するイットリウム-90 標識抗 CD20 抗体（Zevalin）が，他の療法では治療の困難な
非ホジキンリンパ腫に対して高い奏功率を与えることが明らかとなり，欧米では既に認
可薬剤として使用されている(34,35)．本邦においても，本薬剤の臨床知見が終了し，現
在承認申請中である．Zevalin の優れた効果を受けて，癌細胞に高密度で発現される抗
原や受容体を標的とする標識抗体やペプチドの開発研究が精力的に進められている．こ
のうち，抗体の低分子化フラグメント（Fab, Fv など）や数個のアミノ酸からなるペプ
チドは，速やかな組織移行性と血液からの消失を示すなど，アイソトープ治療における
RI の運搬体として優れた動態特性を有する．しかし，これらを生体に投与すると，投
与早期より腎臓に高い放射活性が観察され，アイソトープ治療の大きな障害となってい
る(12,13,36-38)．これは，腎臓で糸球体ろ過を受けた標識抗体が，近位尿細管細胞に取
り込まれ，代謝を受けた際に生成する放射性代謝物が細胞内に滞留するためである
(38-40)．これに対して著者らは，メタヨード安息香酸と抗体 Fab フラグメントとをグリ
シルリジン配列で架橋した標識薬剤，3’-[131I]iodohippuryl Ne-maleoyl-L-lysine（[131I]HML, 
Figure 2-1（A））を開発した(14)．[131I]HML 標識 Fab フラグメント（[131I]HML-Fab）は
抗体フラグメントが腎細胞内へ取り込まれる際に，刷子縁膜酵素の作用により分子内の
グリシルリジン結合が切断されて抗体フラグメントからメタヨード馬尿酸を遊離する
ことで，腎臓の放射活性を低減するように設計した薬剤である．実際，実験動物におい
て，腫瘍への集積を損なうことなく，投与早期から腎臓の放射活性を従来の標識抗体フ
ラグメントに比べて大きく低減した(14,41)．最近のインビボおよびインビトロの研究か
ら，HML の分子内に存在するグリシルリジン配列の切断が腎臓の膜画分で進行するこ
と，および刷子縁膜酵素が関与していることが確認されている(42,43)． 
 腎臓での放射活性は，金属 RI で標識したポリペプチドで顕著に観察されることから
(38-40,44,45)，HML の分子設計を金属 RI 標識薬剤に展開できれば，腎臓における放射
活性を低減させる有用な方法となり，標識抗体やペプチドによる癌のアイソトープ治療
の有効性と安全性を大きく向上できると期待される．最近，本薬剤設計をインジウム
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-111 標識抗体フラグメントへ応用した化合物が報告されたが(46)，腎臓への集積を僅か
に低減させるに留まり，HML の金属 RI への応用には更なる検討が必要とされた． 
 HML の薬剤設計では，刷子縁膜酵素による基質の開裂と，その結果生成する放射性
代謝物の体内動態が重要である．放射性代謝物には，刷子縁膜酵素の作用で遊離された
後，速やかに尿中に排泄される性質が必要とされる．さらに著者らは，HML の分子内
に存在するグリシルリジン配列の開裂にいくつかの金属酵素が関与することを認めた
(43)．抗体フラグメント等に結合したキレート試薬の大部分は金属 RI が結合していな
い状態で存在するため，錯体を形成していない遊離のキレート試薬の結合したポリペプ
チドが刷子縁膜酵素を阻害することも留意する必要がある．[188Re]CpTR-Gly は過剰の
配位子を除去した後に抗体フラグメント等と結合することが可能であり，また第１章で
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Figure 2-1. RP-HPLC radioactivity profiles of injected samples (upper) and urine samples 
(bottom) obtained by 6 h postinjection of [188Re]CpTR-COOH (A), [188Re]CpTR-Gly (B), 
and m-[125I]iodobenzoic acid (C). 
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述べたように極微量でも生体内で安定に存在し，その体内動態は馬尿酸と類似する．こ
うした考察から，HML の馬尿酸構造を[188Re]CpTR-Gly に変換した[188Re]CpTR-G（Figure 
2-1（B））を考案し，HML に基づく標識薬剤の分子設計を金属 RI へ展開するのに必要
な要件を検討した． 
 本研究では，[125I]HML と[188Re]CpTR-GK の maleimide 基を Boc 基に変換した 
[125I]HL-Boc と[188Re]CpTR-GK-Boc を合成し，ラット腎臓より調製した刷子縁膜小胞
（BBMV）との反応から，刷子縁膜酵素による認識性を比較した．次いで，抗腫瘍抗体
Fab フ ラ グ メ ン ト に [188Re]CpTR-GK を 結 合 し た [188Re]CpTR-GK-Fab を 作 製 し ，
[188Re]CpTR-COOH を直接抗体 Fab フラグメントに結合した[188Re]CpTR-Fab（Figure 2-1
（C））および[125I]HML-Fab とマウス体内動態を比較した． 
 
２− １ 結果 
 
[188Re]CpTR 誘導体と標識 Fab フラグメントの作製 
 [188Re]CpTR-GK は Scheme 2-1 に従って合成した．中間体である化合物 2-7 は，ギ酸
に よ り 化 合 物 2-6 の Na-Boc 基 の み を 選 択 的 に 脱 保 護 す る こ と で 得 た ．
Scheme 2-1 
NH
HN Boc
O
NH
Ot-Bu
O
HO
HN Boc
O
t-Bu O
O
NH2
NH
NH
HN Boc
O
H2N
Ot-Bu
ON
O
O
OCH3
O
OH
O
ReOC
CO
CO
NH
HN
OHO
O
N
O
O
O ReOC COCO
O
O
O
O
2-1
2-2
(a) 2-3
2-4
(b)
2-5
(c)
(d)
(e)
(f)
2-6
2-7
NH
HN
OOt-Bu
O
N
O
O
O ReOC CO CO2-8a: Re = 185/187Re
2-8b: Re = 188Re
[185/187Re]CpTR-COOH
[188Re]CpTR-COOH
NH
HN Boc
OOt-Bu
O
N
O
O
NH
NH2
OOt-Bu
O
N
O
O
[185/187Re]CpTR-GK
[188Re]CpTR-GK  
Reagents: (a) HOBt, EDC, DIEA; (b) 10% Pd/C; (c) saturated NaHCO3 solution, pH 8.5; 
(d) HCOOH, anisole; (e) HOBt, EDC, DIEA; (f) TFA, anisole. 
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[188Re]CpTR-COOHを作製した後，活性エステル化反応を経て，化合物2-8bを合成した．
Trifluoroacetic acid 2（TFA）により脱保護を行い，[188Re]CpTR-COOH より放射化学的収
率 73%，放射化学的純度 95%以上で[188Re]CpTR-GK を得た．また，低分子モデル化合
物である[188Re]CpTR-GK-Boc は Scheme 2-2 に従って合成し，[188Re]CpTR-COOH より放
射化学的収率 92%，放射化学的純度 95%で得た．非放射性 185/187Re を用いた合成も同様
の方法で行った． 
 2-Iminothiolane によりチオール化した抗体 Fab フラグメントは，抗体一分子当たり 2
個のチオール基を有していた．このチオール化抗体 Fab フラグメントと[188Re]CpTR-GK
とを反応させることにより，[188Re]CpTR-GK-Fab を放射化学的収率 21%，放射化学的純
度 90%以上で得た．また，[188Re]CpTR-Fab は[188Re]CpTR-COOH の活性エステルを介し
て抗体 Fab フラグメントと反応させることにより，放射化学的収率 31%，放射化学的純
度 95 %以上で得た．[188Re]CpTR-GK-Fab と[188Re]CpTR-Fab を分子篩 HPLC により分析
したところ，未修飾の Fab フラグメントと同じ保持時間（19.5 分）に単一の放射活性が
観察された（Figure 2-2）． 
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-17- 
 
0 10 20 30 40
Retention time (min)
Ra
dio
ac
tiv
ity (A)
0 10 20 30 40
Retention time (min)
Ra
dio
ac
tiv
ity (B)
0 10 20 30 40
Retention time (min)
Ra
dio
ac
tiv
ity (C)
0 10 20 30 40
Retention time (min)
UV
 (2
80
 nm
)
(D)
 
Figure 2-2. Radiochromatograms of (A) [188Re]CpTR-GK-Fab, (B) [188Re]CpTR-Fab and 
(C) [125I]HML-Fab by size0exclusion HPLC. The three radiolabeled Fab fragments 
showed size-exclusion HPLC retention times similar to that of unmodified Fab fragment 
(19.5 min) as determined by the UV (280 nm) trace. 
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Figure 2-3. The amount of [188Re]CpTR-Gly or m-[125I]iodohippuric acid liberated from 
[188Re]CpTR-GK-Boc or [125I]HL-Boc after incubation with BBMVs for 3 h at 37˚C. 
[188Re]CpTR-GK-Boc was also incubated with BBMVs for 3 h at 37˚C in the presence of 
Co2+ or MGTA. Significances were determined by unpaired Student’s t-test (*: p < 0.05 
compared to [188Re]CpTR-GK-Boc). 
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[188Re]CpTR-GK-Boc の刷子縁膜酵素に対する反応性の検討 
 [188Re]CpTR-GK-Boc または[125I]HL-Boc を BBMV 溶液中，37 ˚C で 3 時間インキュベ
ートした際に遊離した[188Re]CpTR-Gly および m-[125I]iodohippuric acid の割合を Figure 
2-3 に示す．[188Re]CpTR-GK-Boc からの[188Re]CpTR-Gly の遊離速度は[125I]HL-Boc から
の m-[125I]iodohippuric acid の遊離速度に比べて有意に（p < 0.05）遅延した．また，刷子
縁膜酵素の活性化剤の Co2+存在下，[188Re]CpTR-GK-Boc を BBMV 溶液中でインキュベ
ートしたところ，[188Re]CpTR-Gly の遊離は有意に（p < 0.05）増加し，また，金属酵素
の阻害剤である DL-2-mercaptomethyl-3-guanidinoethylthiopropanoic acid（MGTA）の添加
により，その遊離はほぼ完全に阻害された． 
 
体内動態の検討 
 [188Re]CpTR-GK-Fab と[125I]HML-Fab，および[188Re]CpTR-Fab と[125I]HML-Fab を同時
投与した時の ddY 系マウスにおける体内動態の結果を Table 2-1 に示す．[125I]HML-Fab
の体内動態はそれぞれの実験の平均値を示した．これら 3 種の RI 標識抗体フラグメン
トの血液クリアランスの相違は，投与後 3 時間まで観察されなかった．しかし，腎臓へ
の集積には大きな相違が観察され，[188Re]CpTR-Fab は投与 30 分後に最大値 41.69 %ID/g
を示したのに対して，[188Re]CpTR-GK-Fab では時間経過と共に減少し，すべての時間に
おいて[188Re]CpTR-Fab に比べて有意に（p < 0.05）低値を示した．一方，[188Re]CpTR-GK- 
Fab の腎臓への集積は[125I]HML-Fab に比べ，いずれの時間においても高値であった．こ
れら 3 種の抗体フラグメントの腎臓対血液比を Figure 2-4 に示す．[188Re]CpTR-Fab は投
与 3 時間後に最大値 7.1 を示したのに対し，[188Re]CpTR-GK-Fab と[125I]HML-Fab は投与
10 分後から 6 時間後までほぼ一定の値（1.6 および 1）を示した． 
 次に，[188Re]CpTR-GK-Fab をマウスの尾静脈に投与し，6 時間後までに尿中に排泄さ
れた放射活性を分子篩 HPLC（Figure 2-5（A））および逆相 HPLC（Figure 2-5（B））に
より分析した．分子篩 HPLC による分析では，73%以上の放射活性が低分子画分に検出
され，約 20%の放射活性が[188Re]CpTR-GK-Fab に一致した画分に溶出された．さらに，
低分子画分の逆相 HPLC による分析では，その 72%以上の放射活性が CpTR-Gly に一致
する保持時間 10.5 分に溶出された． 
 MKN-45 腫瘍を移植した担癌マウスに 3 種の RI 標識抗体フラグメントを投与した時
の放射活性の分布を Figure 2-6 に示す．これら 3 種の RI 標識抗体フラグメントの腫瘍
および血液中の放射活性には相違が観られなかった．しかし，ddY 系マウスを用いた場
合と同様に，腎臓への[188Re]CpTR-GK-Fab の集積は，[188Re]CpTR-Fab に比べて有意に
-19- 
（p < 0.05）低値であり，[125I]HML-Fab に比べて，僅かに高値を示した． 
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Table 2-1. Biodistribution of radioactivity in mi ce after injections of [188Re]CpTR-GK-Fab, 
[188Re]CpTR-Fab and [125I]HML-Faba 
 Time after injection 
 10 min 30 min 1 h 3 h 6 h 
 [188Re]CpTR-GK-Fab 
Blood 23.93 (3.32) 11.31 (0.42) 6.43 (0.61) 3.26 (0.38) 1.66 (0.14) 
Liver 5.79 (0.06) 4.05 (0.52) 3.46 (0.22) 2.05 (0.59) 1.29 (0.14) 
Kidney 16.30 (1.01) 12.16 (1.06) 8.62 (0.32) 5.05 (0.47) 2.47 (0.38) 
Intestine 0.77 (0.07) 0.97 (0.08) 1.09 (0.14) 1.16 (0.19) 0.76 (0.10) 
Stomach b 0.44 (0.08) 0.51 (0.09) 0.57 (0.09) 0.63 (0.36) 0.35 (0.07) 
Urine b     45.33 (2.29) 
Feces b     2.01 (0.52) 
 [188Re]CpTR-Fab 
Blood 23.80 (2.33) 13.44 (1.97) 6.22 (1.53) 2.65 (0.29) 1.03 (0.17)* 
Liver 6.23 (1.13) 4.08 (0.54) 2.92 (1.53) 2.31 (0.23) 1.27 (0.22) 
Kidney 27.59 (6.45)* 41.69 (7.16)* 33.86 (0.81)* 18.54 (1.66)* 5.89 (0.89)* 
Intestine 1.13 (0.19) 1.35 (0.21)* 1.40 (0.18) 1.99 (0.26)* 0.92 (0.18) 
Stomach b 0.30 (0.07) 0.46 (0.10) 0.62 (0.07) 0.54 (0.12) 0.29 (0.09) 
Urine b     44.05 (5.60) 
Feces b     4.49 (1.40) 
 [125I]HML-Fab 
Blood 22.76 (2.63) 11.34 (0.85) 7.47 (0.71) 3.35 (0.73) 1.69 (0.17) 
Liver 5.42 (0.36) 2.47 (0.22)* 1.66 (0.21)* 0.64 (0.08)* 0.47 (0.11)* 
Kidney 14.87 (1.69)* 9.86 (1.02)* 6.46 (1.24)* 2.68 (0.93)* 1.72 (0.07)* 
Intestine 0.88 (0.23) 1.04 (0.11) 1.10 (0.12) 0.65 (0.13)* 0.23 (0.03)* 
Stomach b 0.43 (0.04) 0.49 (0.05) 0.43 (0.07) 0.41 (0.06) 0.27 (0.08) 
Urine b     55.45 (8.27) 
Feces b     2.57 (1.44) 
a Tissue radioactivity  is expressed as % ID/g [for each group, n = 3-4; results are expressed as 
the mean (SD). 
b Expressed as %ID 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 compared to [188Re]CpTR- 
GK-Fab. 
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２− ２ 考察 
 
 RI 標識 IgG 抗体の投与では肝臓への非特異的な放射活性が観察されることから，そ
の解消を目的に抗体分子と RI 化合物とをエスエル結合を介して結合した標識抗体が検
討されてきた．そして，エステル構造を代謝開裂性スペーサに利用した RI 標識抗体の
検討から，エステラーゼを介するエステル結合の切断には，基質であるエステル結合の
化学構造，抗体とエステル結合間の距離，抗体分子の分子サイズ（IgG と Fab フラグメ
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Figure 2-4. Comparison of the kidney-to-blood ratios of radioactivity after injection of 
[188Re]CpTR-GK-Fab (circle), [188Re]CpTR-Fab (triangle) and [125I]HML-Fab (square) to 
normal mice. Significances were determined by unpaired Student’s t-test (*: p< 0.05 
compared to [188Re]CpTR-GK-Fab). 
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Figure 2-5. Radiochromatograms of urine sample collected for 6 h postinjection of 
[188Re]CpTR-GK-Fab (A) by size-exclusion HPLC after filtration through a 0.45 µm 
polycarbonate membrane and (B) by reversed-phase HPLC after filtration through a 10 kDa 
cutoff membrane. 
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ント）などの因子が関与することが示されている(47,48)．これらの因子は腎臓刷子縁膜
酵素によるグリシルリジン配列の切断においても関与すると考えられる．実際，Li ら
はグリシルリジン配列の切断において，抗体フラグメントからリジンまでの結合距離の
重要性を示している(46)．HML の分子設計を金属 RI へ展開する場合，標識部位の化学
構造の大きな変化を伴う．そこで，HML や HL-Boc の m-iodobenzene を CpTR に置換し
た CpTR-GK および CpTR-GK-Boc を作製し，標識部位の化学構造の変化に伴う刷子縁
膜酵素の認識の変化について BBMV を用いて評価すると共に，抗体 Fab フラグメント
に結合後の体内動態を[125I]HML 標識抗体と比較した． 
 刷子縁膜酵素による[188Re]CpTR-GK-Boc からの[188Re]CpTR-Gly の遊離速度は，
[125I]HL-Boc からの m-[125I]iodohippuric acid の遊離速度に比べ，大きく遅延した（Figure 
2-3）．また，[125I]HL-Boc のグリシルリジン配列の切断には金属酵素と非金属酵素の両
者が関与するが(43)，[188Re]CpTR-GK-Boc のグリシルリジン配列切断は，金属酵素の活
性化剤（Co2+）により増加し，金属酵素の阻害剤（MGTA）でほぼ完全に阻害された．
これらの結果から，m-iodobenzene から CpTR への標識部位の化学構造の変化による加
水分解速度の遅延は，酵素認識の低下あるいはグリシルリジン配列の切断に関わる刷子
縁膜酵素種の変化，あるいはその双方が関与すると考えられる．  
 マウスに投与した場合，投与 10 分後から 3 時間後まで 3 種の RI 標識抗体フラグメン
トの血液クリアランスには有意な相違が観られず（Table 2-1），これら 3 種の RI 標識抗
体フラグメントは同じ割合で糸球体ろ過され，尿細管へ輸送されたと考えられる．しか
し，腎臓への[188Re]CpTR-GK-Fab の集積は[188Re]CpTR-Fab に比べて有意に（p < 0.05）
低値を示した．これは腎臓対血液比の比較においてより顕著に示される（Figure 2-4）．
また，[188Re]CpTR-GK-Fab を投与した実験動物の尿分析から，[188Re]CpTR-Gly が主た
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Figure 2-6. Radioactivity levels in the tumor, blood and kidney at 3 h postinjection of 
[188Re]CpTR-GK-Fab (solid bar), [188Re]CpTR-Fab (open bar) and [125I]HML-Fab (stripe 
bar) into nude mice bearing MKN-45 tumor. 
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る放射性代謝物として検出された（Figure 2-5）．以上の結果と BBMV を用いた実験結
果から，[188Re]CpTR-GK-Fab による腎臓の放射活性の低減は，腎臓刷子縁膜酵素の作用
により[188Re]CpTR-Gly を遊離したためと考えられる． 
 第１章で述べたように，[188Re]CpTR-Gly の体内挙動は m-[125I]iodohippuric acid に類似
していることから，[188Re]CpTR-GK-Fab と[125I]HML-Fab を同時投与したときの腎臓の
放射活性の相違は，これら 2 種の RI 標識抗体フラグメントのグリシルリジン配列に対
するインビボでの酵素認識の相違を反映すると考えられる．インビトロ実験の結果から
予測されたように（Figure 2-3），[188Re]CpTR-GK-Fab の腎臓への集積は，[125I]HML-Fab
に比べ高値であった．しかし，これら 2 種の RI 標識抗体フラグメントの腎臓における
放射活性の相違は，インビトロ実験の結果から予測されたよりも低値であった．これに
は，二つの実験系における酵素密度の相違が影響した可能性が考えられる．また，イン
ビボにおいては，[188Re]CpTR-GK-Fab が腎細胞内に取り込まれる過程で刷子縁膜酵素と
接近することでグリシルリジン配列の切断を容易にした可能性も考えられる． 
 担癌マウスにおける検討から，[188Re]CpTR-GK-Fab, [188Re]CpTR-Fab および[125I]HML- 
Fab の血液と腫瘍の放射活性は同程度であり（Figure 2-6），これら 3 種の抗体フラグメ
ントは同程度の抗体活性を有することが確認される．しかし，[188Re]CpTR-GK-Fab 投与
後に腎臓に観察された放射活性は[188Re]CpTR-Fab に比べて有意に（p < 0.05）低値であ
り，[188Re]CpTR-GK-Fab が腫瘍への集積を損なうことなく腎臓への集積を投与早期から
低減することが確認された．  
 以上の結果は，生体内で安定に存在し，また抗体から遊離された際に腎臓管腔から速
やかに尿中へ排泄を受ける Re 錯体を選出することで，HML の薬剤設計を Re を始めと
する金属 RI 標識薬剤へ展開することが可能であることを示唆する．しかしそれと共に，
グリシルリジン配列に結合した標識薬剤の化学構造の変化は，酵素による基質認識に大
きな影響を及ぼすことを認めた．腎臓刷子縁膜には様々な種類の酵素が存在し，グリシ
ルチロシン配列やグリシルアスパラギン配列なども基質として認識されることから，金
属 RI 錯体の化学構造に最適化した基質構造を選択することにより，金属 RI 標識抗体や
ペプチドの腎臓での放射活性を，HML を用いた場合と同程度まで低減し，抗体やペプ
チドを用いた癌のアイソトープ治療の有効性と安全性を向上することが期待される．  
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第３章 癌のアイソトープ治療を目的とする 186Re 標識ビス 
フォスフォン酸の薬剤設計 
 
 癌の骨転移は乳癌や前立腺癌の患者において頻発し(49,50)，Quality of Life（QOL）を
妨げる強い痛みを伴うことから，疼痛緩和処置が必要である(51)．局所的な放射線照射
は疼痛緩和に有効であるが(52)，多数の転移が認められる患者に対しては，b-線放出核
種を用いた内用放射線治療が有効である． 
 近年，ビスフォスフォン酸（BP）の一つである 1-hydroxyethylidene-1,1-diphosphonate
（HEDP）と 186Re とが形成する 186Re-HEDP が骨転移癌の疼痛緩和薬剤としての有効性
が確認され，欧米の一部では認可薬剤として臨床使用されている(4-7)．186Re-HEDP は
HEDP が Re や還元剤として使用される Sn を介して結合した多核錯体として存在すると
考えられている（Figure 3-1）(53)．したがって，186Re-HEDP では HEDP が骨への結合
部位と 186Re との錯形成部位として機能することとなり，HEDP 本来の骨への親和性が
損なわれることが考えられる．また，186Re-HEDP は安定性が不十分であるため，生体
内で化学的に安定な 186ReO4-へと分解を受け易く，これが血液クリアランスの遅延を招
き，過剰な骨髄被ばくの原因と考えられている(29,54,55)． 
 これらの問題に対して，著者らは生体内で安定な 186Re 標識 monoaminemonoamide- 
dithiol（MAMA）または mercaptoacetyltriglycine（MAG3）と BP の一つである 4-amino-1- 
hydroxybutylidine-1,1-bisphosphonate（HBP）を HBP のアミノ基を介して 1：1 で結合し
た薬剤を開発した(15,16,56)．これらの薬剤は，MAMA あるいは MAG3 との単核錯体の
形成による 186Re の生体内安定性の向上と共に分子内のすべての BP 構造が骨への結合
に関与できるよう考案したものである．インビボにおける検討から 186Re-MAG3 または
186Re-MAMA 結合 HBP は 186Re-HEDP に比べ，高い骨への集積性と速やかな血液クリア
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Figure 3-1. Structures of polynuclear complex of Re-HEDP (A) and CpTR-Gly-APD (B). 
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ランスを示した．これらの結果は，99mTc を用いた骨機能診断薬剤，さらには錯体部位
を変更することで 68Ga を用いたポジトロン断層撮像法による骨機能診断薬剤や 186Re よ
りもエネルギーの低いb-線を放出する 153Sm（0.825 MeV，最大飛程 3 mm）や 177Lu（0.490 
MeV，最大飛程 2.8 mm）を用いた治療薬剤の開発の可能性を示唆する． 
 しかし，これまでの 186Re 単核錯体結合 BP はすべて逆相 HPLC により過剰の配位子
を除去した後に使用されており，186Re-HEDPと比べるとそのBP量が大きく異なるなど，
本薬剤設計の評価には更なる検証が必要と考えた．こうした背景から本研究では，生体
内で安定でタンパク結合を示さない[186Re]CpTR-Gly とアミノ基を有する BP である
3-amino-1-hydroxy-propylidene-1,1-bisphosphonate （ pamidronate, APD ） と を 結 合 し た
[186Re]CpTR-Gly-APD を作製し，そのハイドロキシアパタイトとの結合性や体内動態を
186Re-HEDP と比較することから，本薬剤設計を検証した．また骨粗鬆症や高カルシウ
ム血症の治療薬として様々な BP が使用されているが(49,50,57)，これらを服用した患者
では 99mTc 標識 BP 多核錯体の診断画像で偽陰性画像が観察されている(58-62)．また，
HEDP や APD などの BP は癌性骨転移の疼痛緩和薬剤としても使用されていることから
(49,50,57)，186Re 錯体結合 BP の体内動態に与える非放射性 BP 前投与の影響についても
検討した． 
 
３− １ 結果 
 
CpTR 誘導体の合成 
 [186Re]CpTR-Gly-APD は Scheme 3-1 に従って合成した．[186Re]CpTR-Gly を double 
ligand transfer 反応により作製し，活性エステルとした後 APD と反応させ，逆相 HPLC
により精製することで収率 25%，放射化学的純度 95%以上で得た．[186Re]CpTR-Gly-APD
は逆相 HPLC の分析において，保持時間 8.5 分に単一のピークを示し，これは非放射性
の 185/187Re で作製した[185/187Re]CpTR-Gly-APD の保持時間と一致した（Figure 3-2）． 
 
マウス血漿中での安定性 
 [186Re]CpTR-Gly-APD をマウス血漿中 37 ˚C でインキュベートしたところ，6 時間後に
おいても 93%以上の放射活性が未変化体として存在した（Figure 3-3）．一方，186Re-HEDP
では，6 時間後に未変化体として検出された割合は約 70%であった．本実験における
[186Re]CpTR-Gly-APD に含まれる CpTR-Gly-APD の濃度と 186Re-HEDP に含まれる HEDP
の濃度はそれぞれ 70-140 nM, 0.40 mM であった． 
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Figure 3-2. Reversed-phase HPLC elution profiles of [185/187Re]CpTR-Gly-APD as 
determined by UV (254 nm) trace (A). Radioactivity trace of [186Re]CpTR-Gly-APD 
showed retention time identical to that of non-radioactive counterparts. Under these 
conditions, [185/187Re]CpTR-Gly-APD was eluted at retention time of 8.5 min. 
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Figure 3-3. Percent radioactivity as intact [186Re]CpTR-Gly-APD (open square) and 
186Re-HEDP (solid circle) in murine plasma at 37˚C. The concentrations of 
CpTR-Gly-APD in [186Re]CpTR-Gly-APD and HEDP in 186Re-HEDP were 70-140 nM and 
0.40 mM, respectively. 
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血漿タンパクとの結合性 
 186Re-HEDP を 5 分間マウス血漿中でインキュベートする前後のゲルろ過による分析
結果を Figure 3-4 に示す．本実験で 186Re-HEDP に含まれる HEDP の濃度は 0.40 mM で
あった．インキュベート 5 分後，38.3±2.72%の放射活性がアルブミンの保持時間に一致
する保持時間 8 分に溶出された．あらかじめ HEDP 処理を施したマウス血漿に
186Re-HEDP を加えた場合，保持時間 8 分の放射活性は 20.5±1.99%に減少した（Figure 
3-4C）．一方，[186Re]CpTR-Gly-APD をマウス血漿中でインキュベートしたところ，イン
キュベート前後で殆ど変化は観られなかった（Figure 3-4B）．また，HEDP の前処置で
も変化は観察されなかった（Figure 3-4C）． 
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Figure 3-4. GPC radiochromatograms of 186Re-HEDP (left column) and 
[186Re]CpTR-Gly-APD (right column) before (A), 5 min after incubation (B) in 
murine plasma, and 5 min after incubation (C) in murine plasma pre-treated with 
HEDP. Under these conditions, serum albumin, 186Re-HEDP, and 
[186Re]CpTR-Gly-APD had retention times of 8, 15, and 17 min, respectively. 
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ハイドロキシアパタイト（HA）に対する結合性 
 HEDP 濃度が 2.0 mM の場合，186Re-HEDP は HA とほとんど結合を認めなかった．し
かし，186Re-HEDP を希釈して HEDP 濃度を 0.20 mM および 0.020 mM へと減少した場
合，HA との結合率が 3.87±2.65% および 26.7±3.20%と増加した（Table 3-1）．なお，本
実験中に 186Re-HEDP から 186ReO4-への分解は観察されなかった．一方，逆相 HPLC で
精製した[186Re]CpTR-Gly-APD（濃度：14-55 nM）は HA と 50.6±5.68%の結合率を示し
た．しかし，HEDP 濃度の増加に伴い[186Re]CpTR-Gly-APD の HA 結合率は低下し（Table 
3-1），同濃度の HEDP では，[186Re]CpTR-Gly-APD の HA 結合率は 186Re-HEDP に比べて
僅かに高い程度であった． 
 
マウス体内動態 
 [186Re]CpTR-Gly-APD と 186Re-HEDP をマウスに投与したときの体内動態を Table 3-2
に示す．逆相 HPLC で精製した[186Re]CpTR-Gly-APD は 186Re-HEDP に比べて骨への高
い集積と速やかな血液クリアランスを示した．その結果，[186Re]CpTR-Gly-APD の骨対
血液の放射活性比は 186Re-HEDP に比べて有意に（p < 0.05）高値を示した．しかし， 
186Re-HEDP に含まれる HEDP と同量の HEDP を[186Re]CpTR-Gly-APD と同時投与した場
合，骨への集積は 186Re-HEDP と同程度にまで低下した． 
 HEDP を前投与したマウスに[186Re]CpTR-Gly-APD を投与したところ，投与早期に血
液中の放射活性が増加した．より高濃度の HEDP（16.5 mg/kg HEDP）を前投与した場
合には，血液と腎臓の放射活性が増加した．しかし，[186Re]CpTR-Gly-APD の骨への結
合には変化が観られなかった．一方，HEDP を前投与した場合，186Re-HEDP の血液クリ
アランスは遅延した（Table 3-3）．投与 10 分後では，肝臓，腎臓の放射活性の有意な増
加も観察された．しかしいずれの条件でも，186Re-HEDP の骨への集積には影響は観ら
れなかった． 
Table 3-1. Hydroxyapatite binding of [186Re]CpTR-Gly-APD and 186Re-HEDP 
 Hydroxyapatite-bound radioactivity (%) 
HEDP concentration (mM) 0 0.020 0.20 2.0 
[186Re]CpTR-Gly-APD* 50.6 (5.68) 39.7 (2.18) 8.90 (2.07) 3.93 (2.15) 
186Re-HEDP - 26.7 (3.20) 3.87 (2.65) 1.33 (0.72) 
*Concentration of CpTR-Gly-APD in [186Re]CpTR-Gly-APD was 14-55 nM. 
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 Table 3-2. Effect of HEDP co-administration or pre-treatment on 
biodistribution of [186Re]CpTR-Gly-APD in micea 
 Time after Injection 
 10 min 1 h 3 h 6 h 
 Control 
Blood 2.86 (0.26) 0.31 (0.10) § 0.20 (0.09) 0.06 (0.03) § 
Bone 14.57 (1.86) 26.11 (2.94) § 23.36 (4.62) § 23.22 (5.69) § 
Liver 3.43 (0.84) 3.21 (0.39) § 3.04 (0.50) § 2.57 (0.20) § 
Kidney 9.31 (2.23) 2.38 (0.28)  2.52 (0.77)  1.48 (0.21)   
Intestine 0.59 (0.04) 0.26 (0.02)   0.50 (0.08)   0.28 (0.02)   
Stomachb 0.42 (0.04) § 0.51 (0.14) § 0.38 (0.24) § 0.11 (0.03)   
Bone/Blood 5.14 (0.85) 90.16 (20.3) § 129 (49.9) § 391   (109) § 
 Co-administration (9.0 mg/kg) 
Blood 3.27 (0.51) § 0.49 (0.07) § 0.22 (0.04) § 0.08 (0.02) § 
Bone 9.74 (1.92)* 12.37 (1.21) * § 12.88 (2.28)* 13.71 (1.69)* 
Liver 3.48 (0.15) 2.88 (0.54) § 2.14 (0.38) § 2.27 (0.45) § 
Kidney 10.16 (3.77) 2.80 (0.65)   2.17 (0.75)   1.83 (0.31) § 
Intestine 0.82 (0.09) 0.69 (0.12)   0.66 (0.08)   0.57 (0.13)   
Stomachb 0.56 (0.04) § 0.53 (0.15) § 0.44 (0.11) § 0.29 (0.11)   
Bone/Blood 3.84 (0.66) 25.74 (3.55)* 61.53 (17.6)* § 180  (45.2)* § 
 Pre-treatment (7.5 mg/kg HEDP) 
Blood 3.46 (0.31)* 0.36 (0.12) 0.22 (0.08) 0.09 (0.02) 
Bone 11.50 (1.58) 21.12 (2.92) 22.52 (4.98) 18.70 (2.69) 
Liver 2.60 (0.63) 2.87 (0.14) 2.61 (0.29) 2.17 (0.84) 
Kidney 7.77 (0.96) 3.67 (1.17) 2.10 (0.71) 2.01 (0.76) 
Intestine 0.44 (0.17) 0.12 (0.01) 0.27 (0.10) 0.19 (0.10) 
Stomachb 0.41 (0.08) 0.39 (0.25) 0.22 (0.09) 0.07 (0.04) 
Bone/Blood 3.32 (0.31)* 62.98 (19.0) 94.67 (13.4) 209  (63.0) 
 Pre-treatment (16.5 mg/kg HEDP) 
Blood 4.19 (0.65)* 0.52 (0.25) 0.20 (0.03) 0.16 (0.02)* 
Bone 13.90 (2.28) 25.75 (5.76) 21.76 (1.47) 24.13 (3.30) 
Liver 3.70 (0.32) 3.82 (0.52) 2.34 (0.35) 2.57 (0.50) 
Kidney 14.71 (3.72)* 3.45 (0.70) 1.77 (0.26) 1.83 (0.73) 
Intestine 0.83 (0.25) 0.33 (0.11) 0.44 (0.18) 0.31 (0.21) 
Stomachb 0.50 (0.06) 0.48 (0.17) 0.50 (0.51) 0.26 (0.13) 
Bone/Blood 3.37 (0.75)* 60.54 (30.6) 111  (20.1) 193  (87.7)* 
a Tissue radioactivity is expressed as %ID/ g for each group (n=3-4); 
results are reported as mean (SD). 
b Expressed as %ID. 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 
compared to control mice. 
Significances determined by unpaired Student’ s t-test; (§) p < 0.05 
compared to 186Re-HEDP in control mice (Table 3-3). 
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３− ２ 考察 
 
逆相 HPLC で精製した[186Re]CpTR-Gly-APD は，186Re-HEDP に比べて遥かに高い HA
との結合と骨への集積を示し（Tables 3-1, 3-2），これまでの 186Re 単核錯体結合 BP と同
様の結果を与えた(15,16,56)．しかし，186Re-HEDP と同量の HEDP を[186Re]CpTR-Gly-APD
に添加した場合，その HA との結合や骨への集積は 186Re-HEDP と同程度まで減少した．
これらの結果は，すべての BP 構造が HA や骨との結合に使用できる[186Re]CpTR-Gly- 
APD と同程度の HA や骨との結合能を 186Re-HEDP が有すること，そして，186Re 単核錯
体結合 BP の薬剤設計が骨集積の向上に寄与しないことを示す．フラーレン分子は骨へ
の結合親和性を有さないが，多数の水酸基をフラーレン分子に導入により骨への親和性
を獲得することから (63,64)，HA や骨への  186Re-HEDP の予想外に高い結合は，
186Re-HEDP に存在するリン酸基の多価効果によると考えられる(53,65)．また，5 価の
Table 3-3. Effect of HEDP pre-treatment on biodistribution of 186Re-HEDP in 
micea 
 Time after Injection 
 10 min 1 h 3 h 6 h 
 Control 
Blood 2.28 (0.23) 0.81 (0.15) 0.32 (0.02) 0.12 (0.02) 
Bone 12.37 (2.75) 16.33 (1.21) 13.22 (3.24) 12.30 (1.07) 
Liver 2.81 (0.53) 1.46 (0.49) 0.51 (0.04) 0.37 (0.10) 
Kidney 9.36 (1.75) 4.26 (0.54) 1.50 (0.24) 1.15 (0.24) 
Intestine 0.80 (0.12) 0.69 (0.11) 0.80 (0.20) 0.50 (0.25) 
Stomachb 1.43 (0.69) 1.63 (0.07) 1.03 (0.04) 0.25 (0.10) 
Bone/Blood 5.24 (1.74) 20.85 (5.51) 42.31 (13.7) 105  (21.5) 
 Pre-treatment (7.5 mg/kg HEDP) 
Blood 4.79 (1.42)* 0.82 (0.20) 0.57 (0.10)* 0.24 (0.02)* 
Bone 12.64 (2.25) 14.85 (3.23) 14.03 (3.26) 12.60 (1.99) 
Liver 4.52 (0.75)* 1.06 (0.21) 0.74 (0.33) 0.39 (0.00) 
Kidney 13.43 (1.77)* 3.72 (1.19) 1.83 (0.49) 1.26 (0.24) 
Intestine 1.20 (0.10) 0.74 (0.13) 0.75 (0.10) 0.49 (0.15) 
Stomachb 1.15 (0.10) 1.65 (0.09) 0.93 (0.02) 0.49 (0.28) 
Bone/Blood 2.82 (0.79) 18.39 (5.27) 25.37 (6.75) 53.15 (13.2)* 
a Tissue radioactivity is expressed as %ID/ g for each group (n=3-4); results are 
reported as mean (SD). 
b Expressed as %ID. 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 compared to 
control mice. 
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99mTc と dimercaptosuccinic acid とが形成する多核錯体の腫瘍への集積で報告されている
ように，HA や骨との結合により 186Re-HEDP から HEDP が解離し，それに伴い 186Re の
HA や骨への沈着が進行することも考えられる(66,67)． 
これらの結果は，また，[186Re]CpTR-Gly-APD および 186Re-HEDP に含まれる BP の物
質量が骨への集積に大きな影響を与えることを示す．骨は結合容量の大きな組織である
ため，これまで標識 BP 中に存在する BP の物質量についての詳細な検討はなされてこ
なかった．しかし本研究結果は，非標識 BP が 186Re 標識 BP と骨の結合部位を競合的に
阻害することで，骨への集積を低減させることを示す．したがって，186Re 単核錯体結
合 BP で認められた体内分布は，投与した BP 量が 186Re-HEDP に比べて低値であったこ
とが主たる要因であり，比放射能の高い 186Re 標識 BP の作製が骨への高い集積の達成
に有用であることを示す．しかし過剰の BP の存在は 186Re-HEDP などの多核錯体では，
その構造の維持に不可欠である．これに対して 186Re 単核錯体結合 BP では，適切な配
位子を選択することにより，より低い BP 量で十分な放射活性の 186Re 標識体を作製す
ることが可能である．以上の考察から，所期とは異なるが 186Re 単核錯体結合 BP の薬
剤設計は，骨への高い集積に有用と結論される． 
 186Re 標識 BP の血漿中での安定性と血漿タンパクとの結合性は血液クリアランス，そ
して骨髄被ばく量に影響を及ぼす．インビトロ実験で認められた 186Re-HEDP の高いタ
ンパク結合性と血漿中での安定性の欠如（Figures 3-3，3-4）は，インビボにおける血液
クリアランスの遅延と 186Re 錯体の分解に伴う 186ReO4-の生成を示す(29)胃の放射活性の
増加に反映された（Table 3-3）．186Re の物質量は HEDP に比べてごく僅かであることか
ら，186Re-HEDP 錯体の物質量も HEDP 量に比べて微量である．しかし，186Re-HEDP が
血漿タンパクとのきわめて強い結合を示した（Figure 3-4）．これらの結果は，多核構造
の形成は HA との結合や骨への結合には有益に働くが，この構造は血漿タンパクとの結
合を増加する要因でもあることを示す．[186Re]CpTR-Gly-APD は 186Re-HEDP に比べてタ
ンパク結合が低く，これが本薬剤の高い骨対血液比に反映された．[186Re]CpTR-Gly-APD
と[186Re]CpTR-Gly は共にタンパク結合をほとんど示さないことから，タンパク結合の
少ない 186Re 錯体の選択が，速やかな血液クリアランスの 186Re 錯体結合 BP の開発に有
用と考えられる． 
 BP は骨粗鬆症や高カルシウム血症の治療薬として使用されているが(49,50,57)，これ
らを服用した患者では， 99mTc 標識 BP 多核錯体の診断画像で偽陰性画像が生じる(58-62)．
HEDP や APD などの BP は癌性骨転移の疼痛緩和薬剤としても使用されていることから
(49,50,57)，HEDP を前投与した場合の両 186Re 標識 BP の体内動態を検討した．両 186Re
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標識 BP は共に HEDP の前投与により血液クリアランスの遅延と腎臓への放射活性の増
加が観察されたが，その影響は 186Re-HEDP に顕著に観察された（Tables 3-2, 3-3）．HEDP
は能動輸送により腎臓から排泄される(68)．また HEDP は alendronate の腎臓からの排泄
を競合的に阻害する(69,70)．従って，HEDP 前投与における[186Re]CpTR-Gly-APD と
186Re-HEDP の血液クリアランスの遅延は腎臓からの排泄を HEDP が競合的に阻害した
ためと考えられる．血液クリアランスの遅延は，骨シンチグラフィの明瞭性を損なわせ
ることから，BP 服用患者における偽陰性の原因は，前投与された BP が 99mTc 標識 BP
の腎排泄を阻害して血液クリアランスを遅延させたためと考えられる．以上の結果は，
186Re-HEDP に含まれる過剰の HEDP もまた，186Re-HEDP の腎臓からの排泄を阻害して
186Re-HEDP の血液クリアランスを遅延することを示唆する．なお，HEDP 前投与におけ
る両 186Re 標識 BP の骨への集積に変化は観られなかった．これは，今回の HEDP 投与
量では骨に存在するすべての BP 結合部位が HEDP によって占有されなかったためと考
えられる． 
 以上の結果より，186Re-HEDP は[186Re]CpTR-Gly-APD と同程度の骨への結合性を有し，
186Re 錯体結合 BP の薬剤設計が直接には骨集積の向上に寄与しないことを認めた．一方，
186Re-HEDPを始めとする多核錯体では錯体の安定化のために過剰のBPの共存が不可欠
であるが，この過剰の BP の存在が骨への集積の低下や血液クリアランスの遅延の原因
であることを明らかにした．したがって，画像診断薬剤や疼痛緩和薬剤に要求される骨
への高い集積と速やかな血液クリアランスの両立には，比放射能の高い放射性薬剤の設
計が必要であり，それには単核錯体と BP との結合体の作製が有用と結論される． 
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 第４章 心筋機能診断を目的とした 99mTc 標識脂肪酸の開発 
 
 長鎖脂肪酸は心筋の主たるエネルギー源である(71,72)．虚血性心疾患や心筋症では，
局所的な脂肪酸代謝変化が生じることから，炭素-11 標識パルミチン酸やヨウ素-123 標
識長鎖脂肪酸誘導体である 15-(p-[123I]iodophenyl)pentadecanoic acid（[123I]IPPA, Figure 
4-1A）や 15-(p-[123I]iodophenyl)-3-(R,S)-methylpentadecanoic acid（[123I]BMIPP）などの RI
標識脂肪酸誘導体(18,19)を用いた脂肪酸代謝診断の有用性が示されている(73)．また，
不安定狭心症あるいは深刻な心筋梗塞の鑑別診断への有用性も示されている(74)．一方，
心疾患の診断は一般的に急を要するものが多い．しかし，炭素-11 標識パルミチン酸は
短半減期（20 分）の炭素-11 を用いるため，その合成には病院内に設置された超小型サ
イクロトロンを必要とする．また，放射性ヨウ素標識長鎖脂肪酸は，製薬企業より必要
に応じて標識体を購入する必要がある．このように，現在利用可能な標識長鎖脂肪酸は
いずれも緊急の使用には対応できないことから，医療現場で簡便な操作により調製可能
な 99mTc 標識長鎖脂肪酸の開発が期待されている． 
 心筋に取り込まれ，b酸化の基質となる[123I]IPPA や[123I]BMIPP は，長鎖脂肪酸のω 位
にヨードフェニル基が導入されていることから，長鎖脂肪酸のω 位に様々な 99mTc 単核
錯体を導入した薬剤が提案されてきた(20-25)．しかし，これらの 99mTc 標識長鎖脂肪酸
の心筋への集積はわずかであり，生体内で脂肪酸として認識を受ける 99mTc 標識長鎖脂
肪酸の開発は困難と考えられてきた． 
 最近，99mTc 標識中鎖脂肪酸誘導体である 99mTc-labeled N-[[[(2-mercaptoethyl)amino]- 
carbonyl]methyl]-N-(2-mercaptoethyl)-6-aminohexanoic acid（[99mTc]MAMA-HA）が肝実質
細胞でb酸化の基質としての認識を受けることが報告された(75)．また，[99mTc]MAMA- 
HA の長鎖脂肪酸誘導体である[99mTc]MAMA と hexadecanoic acid（HDA）との結合体を
実験動物に投与した場合の尿分析から，本薬剤が生体内でb酸化を受けることを認めた
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Figure 4-1. Chemical strucures of IPPA (a) and CpTT-PA (b). 
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(76)．これらの結果は，適切な 99mTc 錯体を長鎖脂肪酸のω 位に結合させることで，心
筋に取り込まれ，b酸化の基質となる薬剤開発の可能性を示唆する． 
 シクロペンタジエニル基を支持配位子とするReとTcの有機金属錯体は類似した化学
的性質を有する(28,77,78)．また第 1 章で述べたように，[188Re]CpTR-COOH は生体内で
芳香族カルボン酸としての認識を受け，グリシン抱合などの代謝を受ける．これらの知
見から，長鎖脂肪酸のω 位に CpTT 環を導入した長鎖脂肪酸は，これまでの 5 価の 99mTc
錯体を用いた場合に比べてb酸化の基質としての認識を受け易いと考えた．そこで，
Figure 4-1B に示すように， IPPA のヨウ素フェニル基を [99mTc]cyclopentadienyltri- 
carbonyltechnetium（[99mTc]CpTT）環に置換した[99mTc]CpTT-PA を考案し，ラットでの体
内動態を[125I]IPPA と比較した．また，心筋における[99mTc]CpTT-PA の代謝をラットより
摘出した心臓を用いた Langendorff ラット摘出心灌流モデルにより評価し，心筋の脂肪
酸代謝情報を与える 99mTc 標識長鎖脂肪酸開発の可能性を検証した． 
 
４− １ 結果 
 
[185/187Re]CpTR-PA と[99mTc]CpTT-PA およびその誘導体の合成 
 非放射性の[185/187Re]CpTR-PA と[99mTc]CpTT-PA の合成を Scheme 4-1 に示す．化合物
4-3 は AlCl3 の存在下，化合物 4-2 の酸塩化物の Friedel-Crafts 反応により ferrocene をア
シル化して得た(79)．次いで，185/187ReO4-あるいは 99mTcO4-を用いた double ligand transfer
反応(28)により，化合物 4-4a および 4-4b を得た．化合物 4-4a および 4-4b 中のカルボニ
ル基は Bhattacharyya ら(80)の方法に従って titanium (IV) chloride と triethylsilane を用いて
還元した．メチルエステルを加水分解後，[185/187Re]CpTR-PA および[99mTc]CpTT-PA を得
た．逆相 HPLC により精製した後，[99mTc]CpTT-PA は収率 10.1%，放射化学的純度 93%
以上で得られた．99mTc 標識脂肪酸と非放射性の 185/187Re 体の逆相 HPLC の保持時間 
Scheme 4-1 
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Reagents: (a) SOCl2, MeOH; (b) Ba(OH)2; (c) SOCl2; (d) AlCl3, ferrocene; (e) CrCl3, 
Cr(CO)6, 99mTcO4- or 185/187ReO4-;  (f) TiCl4, Et3SiH; (g) 2 N NaOH 
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Table 4-2. Biodistribtuion of radioactivity in rats after co-injection of 
[99mTc]CpTT-PA and [125I]IPPAa 
 Time after injection 
 1 min 2 min 5 min 10 min 30 min 
 [99mTc]CpTT-PA 
Blood 4.59 (0.20) 2.70 (0.15) 0.93 (0.12) 0.41 (0.04) 0.38 (0.10) 
Heart 3.85 (0.58) 3.64 (0.48) 2.71 (0.44) 1.87 (0.14) 1.27 (0.28) 
Liver 3.04 (0.30) 5.01 (0.33) 6.44 (0.30) 7.56 (0.43) 7.86 (1.84) 
Kidney 1.07 (0.11) 1.15 (0.11) 1.30 (0.20) 1.76 (0.23) 1.79 (0.40) 
Stomachb 0.34 (0.04) 0.43 (0.02) 0.42 (0.05) 0.40 (0.05) 0.39 (0.10) 
Heart/Blood 0.84 (0.15) 1.35 (0.15) 2.93 (0.36) 4.60 (0.46) 3.44 (0.55) 
 [125I]IPPA 
Blood 1.28(0.10)* 0.57(0.09)* 0.78(0.15)* 0.78(0.18)* 0.92(0.13)* 
Heart 7.59(1.00)* 6.90(1.02)* 5.67(1.03)* 5.22(0.57)* 4.19(1.66)* 
Liver 2.60 (0.38) 3.56(0.30)* 3.56(0.38)* 3.71(0.39)* 2.65(0.61)* 
Kidney 1.45 (0.08) 1.55 (0.12) 1.41 (0.29) 1.30 (0.12) 1.16 (0.26) 
Stomachb 0.64 (0.11) 0.64 (0.05) 0.52 (0.05) 0.51 (0.05) 0.48 (0.14) 
Heart/Blood 5.98(1.12)* 12.46(3.29)* 7.59(2.33)* 7.11(2.57)* 4.52 (1.88) 
a Tissue radioactivity is expressed as  %  ID/g for each group (n=5); results are 
expressed as mean (SD). 
b Expressede as %ID. 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 compared t o 
[99mTc]CpTT-PA.  
Table 4-1. Reversed-phase HPLC retention times of [ 99mTc]CpTT-PA, 
[185/187Re]CpTR- PA and their synthetic precursors 
Compound Retention time (min) 
4a 14 
4b 15.5 
5a 23 
5b 24 
[185/187Re]CpTR-PA 15.5 
[99mTc]CpTT-PA 17.5  
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を Table 4-1 に示す． 
 非 放 射 性 の tricarbonyl(3-cyclopentadienyl propionic acid)rhenium （ [185/187Re]CpTR- 
propionic acid）と対応する 99mTc 標識体（[99mTc]CpTT-propionic acid）の合成は CpTM-PA
の合成法と同様に行った．[185/187Re]CpTR-propionic acid の逆相 HPLC の保持時間は 5.0
分であったのに対し，[99mTc]CpTT-propionic acid の保持時間は 5.5 分であった． 
 
体内動態の検討 
 [99mTc]CpTT-PA と[125I]IPPA をマウスに同時投与した時の放射活性の体内分布を Table 
4-2 に示す．[99mTc]CpTT-PA は投与 1 分後に心筋に最大値 3.85%ID/g の集積を示し，そ
の後，徐々に減少した．[99mTc]CpTT-PA は [125I]IPPA と類似した心筋の放射活性の時間
曲線を与えたが，心筋への集積には大きな相違が観られ，[125I]IPPA は投与 1 分後に最
大値 7.59%ID/g を示した．投与初期における[99mTc]CpTT-PA の血液中の放射活性は高く，
また[125I]IPPA の場合，投与 2 分後から 30 分後まで血液中の放射活性の増加が観察され
た．その結果，[125I]IPPA が投与後 2 分において心臓対血液比の最大値 12.46 を示したの
に対し，[99mTc]CpTT-PA は投与 10 分後において最大値 4.60 を示した．また，投与 30
分後の心臓対血液比は同程度であった．[125I]IPPA の肝臓への集積は時間経過に関係な
くほぼ一定であったが，[99mTc]CpTT-PA は時間経過と共に増加した．両 RI 標識脂肪酸
共に胃への放射活性は観察されなかった． 
 
摘出心灌流モデルを用いた代謝物の検討 
 Langendorff 灌流ラット心モデルは Yamamichi ら(83)および Mori ら(84)の方法を一部
変更して行った．心灌流モデルに[99mTc]CpTT-PA と[125I]IPPA を加えて 2 時間循環させた
ところ，それぞれ 34.5±3.83%および 90.5±4.59%の放射活性が心筋に検出された．心筋
ホモジネートを作製して Folch らの方法で Chloroform-methanol で抽出したところ， 99mTc
および 125I の放射活性の 93%以上が有機層に抽出された．Figure 4-2 に心筋から抽出し
た放射活性の TLC による分析結果を示す．[99mTc]CpTT-PA や [125I]IPPA の Rf 値よりも
高い位置に最も多くの放射活性が検出された（ 99mTc: 55%, 125I: 76%）．また，
[99mTc]CpTT-PA では 15%が未変化体として存在し，30%の放射活性がより水溶性の高い
画分に観察された．一方，[125I]IPPA では 14%が未変化体として存在し，10%の放射活
性がより水溶性の高い画分に観察された． 
 ラットの心筋抽出物を加水分解した後の有機層には，99mTc および 125I の放射活性の
92%以上が回収された．Figure 4-3A に加水分解後の逆相 HPLC による分析結果を示す．
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[99mTc]CpTT-PA 投与後の心筋からは，未変化体の他に，保持時間の短い画分に多数の放 
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Figure 4-2. TLC radioactivity profiles of rat heart extracts after 2 h perfusion of 
[99mTc]CpTT-PA (A) and [125I]IPPA (B). Under these conditions, [99mTc]CpTT-PA and 
[125I]IPPA had Rf values of 0.30 and 0.35, respectively. 
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Figure 4-3. RP-HPLC radioactivity profiles of hydrolyzed rat heart lipids (A) and rat heart 
perfusate (B) after 2 h perfusion of [99mTc]CpTT-PA and [125I]IPPA. RP-HPLC profiles of 
authentic samples are also shown in (C). Under these conditions, [99mTc]CpTT-PA, 
[99mTc]CpTT-propionic acid, [125I]IPPA, 13-(p-[125I]iodophenyl)tridecanoic acid and 
p-[125I]iodobenzoic acid had retention times of 26 min, 5.5 min, 28.5 min 26.5 min and 5 
min, respectively. 
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射活性のピークが観察された．極性の高い保持時間 5.5 分の画分は別途作製した
[99mTc]CpTT-propionic acid に一致した．加水分解後の 125I の放射活性を分析したところ，
いくつかの放射活性のピークが観察され，最も大きな放射活性のピーク（保持時間 26
分）は別途作製した 13-(p-iodophenyl)tridecanoic acid の保持時間に一致した． 
 一方，灌流液に存在する 99mTc と 125I の放射活性を有機溶媒で抽出したところ，両放
射活性とも 92%以上が回収された．その抽出物を逆相 HPLC にて分析した結果を Figure 
4-3B に示す．抽出された 99mTc 放射活性のうち，約 50%が[99mTc]CpTT-PA と同じ保持時
間に検出され，それ以外に 2.5 分と 5.5 分に主要な放射活性が観察された．保持時間 5.5
分の放射活性は[99mTc]CpTT-propionic acid に一致した．一方，125I の放射活性の約 60%が
p-iodobenzoic acid と一致する保持時間（5 分）に観察され，約 40%の放射活性が[125I]IPPA
に一致する画分に観察された． 
 
４− ２ 考察 
 
 [99mTc]CpTT-PA とその前駆体の合成は Scheme 4-1 に示すように非放射性の 185/187Re 体
と同様の方法で行った．それぞれの 185/187Re 体の化学構造は機器分析により確認した．
185/187Re誘導体4a, 5a, [185/187Re]CpTR-PAに対応する 99mTc体である4b，5b, [99mTc]CpTT-PA
を逆相 HPLC で分析した結果を Table 4-1 に示す．これまでに述べた放射性 186/188Re を用
いた検討結果と異なり，それぞれの[99mTc]CpTT 誘導体は対応する[185/187Re]CpTR 誘導体
に比べて僅かに保持時間が遅延した．[99mTc]CpTT-PA はケトン体 4b の還元で生成する
5b のエステル加水分解により得られるが，それぞれの反応における保持時間の変化は
対応する[185/187Re]CpTR-PA の変化と類似した．また，他の CpTM 誘導体においても 99mTc
体と対応する 185/187Re 体の間で保持時間の相違が観察されている(81,82)．以上の考察か
ら，[99mTc]CpTT-PA の化学構造は[185/187Re]CpTR-PA と同様と考えた． 
 Langendorff 灌流心モデルにおいて灌流した[125I]IPPA の大部分が心筋に取り込まれ，
13-(p-[125I]iodophenyl)tridecanoic acid として脂質画分に観察された（Figures 4-2, 4-3）．一
方，灌流液中には p-[125I]iodobenzoic acid が主な代謝物として観察された（Figure 4-3）．
放射性および非放射性 IPPA を灌流後に，心筋に存在している化学種を検討した以前の
研究では，IPPA の他に p-iodobenzoic acid や 11-(p-iodophenyl)undecanoic acid を含む様々
な代謝物の存在が確認されている(85,86)．また，[123I]BMIPP を投与後の心筋抽出物にお
いても様々な放射性代謝物が観察されている(83,87,88)．今回の実験と他の研究では，
灌流液中における代謝物に多少の相違が観察されたが，これはそれぞれの実験における
-39- 
灌流液組成の僅かな相違によると考えられる．これらの結果から，本実験で使用した
Langendorff 灌流心モデルは 99mTc 標識長鎖脂肪酸誘導体の心筋における代謝を評価する
のに妥当であると考えた． 
 ラットに投与したところ，[99mTc]CpTT-PA は 1 分後に最大心筋集積値 3.85%ID/g，投
与 10 分後に心臓対血液比の最大値 4.60 を示し，[99mTc]CpTT-PA がラット心筋に取り込
まれることを認めた（Table 4-2）．Langendorff 灌流心モデルを用いた検討では，灌流し
た約 34％の 99mTc の放射活性が心筋内に保持され，灌流液に存在した放射活性の約 33%
が別途作製した[99mTc]CpTT-propionic acid と同じ HPLC 保持時間を示した（Figure 4-3）．
また，CpTR は生体内で安定に存在することから（第 1 章），HPLC 分析で観察された
[99mTc]CpTT-PA と[99mTc]CpTT-propionic acid 間の多数の放射活性ピークは多数の中間代
謝物の存在を示唆する． 
 ラット摘出心灌流モデルに[99mTc]CpTT-PA と[125I]IPPA を 2 時間灌流した後，それぞれ
の画分に存在している放射活性の割合をまとめた結果を Figure 4-4 に示す．灌流によっ
て 心 筋 に 取 り 込 ま れ た [99mTc]CpTT-PA の 量 は [125I]IPPA に 比 べ 低 値 で あ り
（[99mTc]CpTT-PA: 67%, [125I]IPPA: 96%），ラット体内動態実験と同様の結果を与えた
（Table 4-2）．長鎖脂肪酸は一部が受動拡散で心筋細胞に取り込まれるが，その多くは
CD36 などの脂肪酸輸送タンパクを介して取り込まれる(89-91)．従って，[99mTc]CpTT-PA
は[125I]IPPA に比べて脂肪酸輸送体への親和性が低く，これが体内分布や Langendorff 灌
流心モデルにおける心筋への取り込みに反映されたと考えられる．  
CpTT-PA: 33%
IPPA       :   4%
CpTT-PA:     5%
IPPA       :  12%
99mTc: 33%
125I    :   6%
Metabolites
99mTc: 10%
125I    :   9%
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99mTc: 19%
125I    : 69%
Lipids
Myocardium
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Figure 4-4. The fate of [99mTc]CpTT-PA and [125I]IPPA in perfused rat hearts after 2 h 
recirculation of perfusate. 
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 一方，心筋内に取り込まれると，[99mTc]CpTT-PA の 92%が [99mTc]CpTT-propionic acid
や脂質へと変換された．この割合は，[125I]IPPA と同程度であった（88%の[125I]IPPA が
代謝あるいは脂質へと変換）．[125I]IPPA の大部分はb酸化を一度受けた後，脂質として
蓄えられたのに対して，[99mTc]CpTT-PA の大部分はb酸化を 6 回受けた[99mTc]CpTT- 
propionic acid に代謝され，心筋外に排泄された．両者の相違の原因は明らかではないが，
代謝物が速やかに心筋から消失する[99mTc]CpTT-PA は，[125I]IPPA に比べて心筋のb酸化
状態の体外計測に有用である．  
[99mTc]CpTT-PA の最終代謝物として，当初[99mTc]CpTT-COOH を予想したが，実際に
はb酸化中間体の[99mTc]CpTT-propionic acid が最終代謝物として検出された．おそらく，
ω 位に導入した[99mTc]CpTT 構造は長鎖脂肪酸のb酸化には影響を及ぼさないが，中鎖脂
肪酸まで代謝を受けると，ω 位の[99mTc]CpTT 構造が酵素による基質認識を損なったと
考えられる．同様の結果が肝臓における中鎖脂肪酸[99mTc]MAMA-HA の代謝，生体内に
おける長鎖脂肪酸[99mTc]MAMA-HAD の代謝においても観察されており，これらの場合
には[99mTc]MAMA-butyric acidが最終放射性代謝物として検出されている(75,76)．また，
中 鎖 脂 肪 酸 で あ る [99mTc]CpTT-8-oxooctanoic acid も ま た ， 生 体 内で [99mTc]CpTT-4- 
oxobutyric acid に代謝された(81)．これらの結果から，脂肪酸のω 位への 99mTc 錯体の導
入はヨードフェニル基に比べて酵素認識を妨げやすいが， [99mTc]CpTT 構造の導入によ
る酵素認識の低下は，[99mTc]MAMA 構造の導入や[99mTc]CpTT-oxo 構造の導入に比べて
少ないと考えられる． 
 以上の[99mTc]CpTT-PA を用いた結果は，心筋において 99mTc 標識長鎖脂肪酸が長鎖脂
肪酸として取り込まれ，b酸化の基質として代謝を受けることを初めて示したものであ
る．99mTc が放射性薬剤へ応用された当初は，99mTc は生体にとって異物であるため排泄
系の診断にしか利用できないと考えられていた．しかし，血液脳関門を透過する 99mTc
錯体の発見により，現在では局所脳血流量の測定に 99mTc 標識薬剤が日常の臨床診断に
使用されている．[99mTc]CpTT-PA を直ちに臨床に応用するのは困難であるが，本研究結
果は今後の 99mTc 標識脂肪酸による心筋機能診断の可能性を強く期待させるものである． 
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結語 
 
本研究では，99mTc/186/188Re 単核錯体と標的分子認識素子との結合を基盤とする放射性
薬剤の設計について化学的に安定な１価の Tc および Re 有機金属錯体である cyclopenta- 
dienyltricarbonyl metal（CpTM, metal は Tc/Re）を用いた研究を行い，癌の画像診断やア
イソトープ治療，心筋機能診断薬剤の開発について，以下の知見を得た． 
 
1．[188Re]CpTR-COOH と[188Re]CpTR-Gly の体内動態ならびに代謝を検討した結果，両
[188Re]CpTR 誘導体は無担体状態においても生体内で安定に存在すること，血漿タン
パクとの結合をほとんど示さないことを見出した．さらに，生体内で [188Re]CpTR- 
COOH が芳香族カルボン酸としての認識を受けること，[188Re]CpTR-Gly は馬尿酸と
同様の認識を受けることを認めた．以上の結果は，186/188Re 錯体と標的分子認識素子
との結合体の薬剤設計の評価に[186/188Re]CpTR-COOH あるいは[186/188Re]CpTR-Gly が
有用であることを示す． 
 
2．金属 RI 標識低分子化抗体やペプチドの投与で観察される長時間にわたる腎臓での放
射活性の低減を目的に，腎臓近位尿細管の刷子縁膜酵素の作用により低分子化抗体
やペプチドから尿排泄性の放射性代謝物を遊離する金属 RI 標識薬剤開発の可能性に
ついて [188Re]CpTR-Gly を用いて検討した．そして，生体内で安定に存在し，抗体か
ら遊離された際に腎臓管腔から速やかに尿中へ排泄を受ける 188Re 錯体を用いること
で，本薬剤設計を 188Re を始めとする様々な金属 RI へ展開可能であることを認めた．
しかしそれと共に，ヨードフェニル基を CpTR 環に変更することで，グリシルリジ
ン配列の開裂に関わる酵素種の変化を伴う加水分解速度の低下を認めた．腎臓刷子
縁膜には様々な種類の酵素が存在することから，金属錯体の構造に最適化した基質
構造を選択することにより，金属錯体標識抗体やペプチドの腎臓での放射活性を低
減することが可能となり，標識抗体やペプチドの有効性と安全性の向上に貢献する
ことが期待される．  
 
3．癌の骨転移に伴う疼痛緩和薬剤として 186Re 単核錯体とビスフォスフォン酸との 1:1
の結合体を作製する薬剤設計妥当性について[186Re]CpTR-Gly と APD との結合体で
ある[186Re]CpTR-Gly-APD と 186Re-HEDP の比較から検証した．そして，所期に反し
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て[186Re]CpTR-Gly-APD と 186Re-HEDP の骨への結合性は同程度であり，単核錯体結
合 BP の薬剤設計が直接には骨集積の向上に寄与しないことを明らかにした．一方，
186Re-HEDP では錯体の安定化のために過剰の BP の共存が不可欠であるが，過剰の
BP の存在が骨への集積の低下や血液クリアランスの遅延の原因であることを明ら
かにした．さらに，BP の前投与も両 186Re 標識 BP の血液クリアランスを遅延するが，
その影響は 186Re-HEDP に顕著に観られた．以上の結果から，骨機能画像診断薬剤や
骨転移の疼痛緩和薬剤に要求される骨への高い集積と速やかな血液クリアランスの
両立には，比放射能の高い放射性薬剤の設計が必要であり，それには単核錯体と BP
との結合体の作製が有用であることを認めた． 
  
4．心筋の脂肪酸代謝を反映する 99mTc 標識薬剤の開発を目的に，放射性ヨウ素標識長鎖
脂肪酸，[123I]IPPA のヨードフェニル基を CpTT に変換した[99mTc]CpTT-PA を考案し，
ラット心筋への取り込みと代謝を検討した．そして，[125I]IPPA に比べると[99mTc]- 
CpTT-PA の心筋取り込み量は低値であったが，これまでの 99mTc 標識長鎖脂肪酸に比
べて遥かに高い心筋への集積を示した．さらに，心筋内に取り込まれた[99mTc]CpTT- 
PA は[125I]IPPA と同程度の割合で代謝を受けることを認めた．以上の結果から，
[99mTc]CpTT-PA は心筋へ取り込まれ，エネルギー基質として認識される初めての
99mTc 標識長鎖脂肪酸であり，99mTc による心筋エネルギー代謝の画像化の可能性を示
した． 
 
 以上述べた知見は，99mTc および 186/188Re 放射性薬剤のさらなる可能性を示すと共に，
その開発に有用な指針を与えると考えられる． 
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実験の部 
 
試薬・機器 
 188ReO4-溶液は日本原子力研究開発機構（東海村，日本）より供給された 188WO42-
（2.3-3.9 GBq/g W, 17-29 MBq/mL）溶液を用いて，Callahan らの方法(92,93)により 
188W/188Re ジェネレータを作製し，生理食塩水で溶出した後，乾燥して実験に用いた．
また，186ReO4-（21-22 TBq/g Re, 0.69 GBq/mL）は日本原子力研究開発機構より pH 4.0
の水溶液として供給され， 0.01 N NaOH を用いて中和した後，乾燥して実験に用いた．
99mTcO4-は（株）第一ラジオアイソトープ研究所製（千葉，日本）の 99Mo/99mTc ジェネ
レータ（ウルトラテクネカウ）より溶出した後，乾燥して実験に用いた．Na[125I]I は
MP biomedicals, Inc.（東京，日本）より購入した．逆相 HPLC カラムは，Cosmosil 
5C18-AR-300 column（4.6 x 150 mm, Nacalai Tesque，京都，日本）を用いた．分子篩 HPLC
カラムは Cosmosil 5 Diol-300 column（7.5 x 600 mm, Nacalai Tesque）を用い，0.1 M リン
酸緩衝液 pH 6.8 により溶出した．溶出液はフラクションコレクター（RediFrac, GE 
healthcare bioscience, 東京）により 0.5 分間隔で分取後，auto well g system（ARC-380M, 
Aloka，東京）により放射活性を測定した．薄層クロマトグラフィー（TLC）には，シ
リカゲルプレート（Silica gel 60F254, Merk，東京）を使用した．SepPak cartridge には SepPak 
plus（C18 short body; 360 mg/cartridge, Waters，東京）を用いた．1H-NMR は JEOL 
JNM-ALPHA 400 spectrometer（JEOL Ltd., 東京）を用いて測定した．FAB-MS は JEOL 
JMS-HX-110A mass spectrometer（JEOL Ltd.）を用いて測定した．元素分析は PE-2400
（Perkin-Elmer Japan, 東京）により行った．非放射性のレニウム化合物は，質量分析に
おいて 185Re と 187Re の存在比に従ったマススペクトラムを与えた．その他の試薬は，
全て特級のものをそのまま使用した． 
 
5.1.  第 1 章の実験の部 
5.1.1. 試薬・機器 
 逆相 HPLC による分析は，移動相として 0.1% trifluoroacetic acid（TFA）を含有する水
（A）と 0.1% TFA を含有する acetonitrile（B）を用い，直線勾配で A : B = 80 : 20 から
A : B = 20 : 80 へ 30 分間で変換する gradient 法（system 1-1），および水（C）と acetonitrile
（D）を用い直線勾配で C : D = 100 : 0 から C : D = 0 : 100 へ 30 分間で変換する gradient
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法（system 1-2）により，流速 1.0 mL/min で溶出することにより行った．TLC を用いた
分析は，chloroform（system 1-3），chloroform : methanol : acetic acid = 30 : 10 : 1（system 1-4），
あるいは saline（system 1-5）を展開溶媒として用いて行った．SepPak cartridge を用いた
精製では， ethanol（6 mL）を流した後，H2O（6 mL）を流すことにより，活性化させ
た．サンプルを添加後，H2O（5 mL）でカラムを洗浄し，次いで ethanol（2~3 mL）で
溶出した．その際，最初の 100 µL は廃棄した． 
 
5.1.2. (Cyclopentadienyl)tricarbonylrhenium（CpTR）誘導体の合成 
1,1’-Bis (methoxycarbonyl)ferrocene（1-2）の合成 
 Methanol（4 mL）を− 15 ˚C ~− 10 ˚C に冷却し，撹拌しながら thionyl chloride（1 mL）
をゆっくり滴下した．滴下終了後，温度を維持した状態でさらに 10 分間撹拌した後，
この溶液に 1,1’-ferrocenedicarboxylic acid（1-1, 100 mg）を加えた．その後，徐々に温度
を上げ，5 時間還流した．次いで，溶媒を留去し，ethyl acetate（30 mL）に溶解した後，
飽和 NaHCO3 水溶液（30 mL x 3）で洗浄した．有機層を無水硫酸カルシウムで乾燥させ
た後，溶媒を除き，橙色の結晶（0.105 g, 95.4%）を得た．1H-NMR (CDCl3): d 3.80 [6H, s, 
(Cp-COO-CH3)2], 4.39 [4H, t, Cp], 4.80 [4H, t, Cp]. FAB-MS: m/z 303 (M+H)+, Found: 303. 
Tricarbonyl(methoxycarbonylcyclopentadienyl)rhenium（1-3a）の合成 
 本化合物は Spradau らの方法(94)に変更を加えた double ligand transfer（DLT）反応に
よって合成した．耐圧チューブ（0.8 x 8.5 cm：耐圧ガラス工業，東京）に化合物 1-2（315 
mg, 1.04 mmol），ammonium perrhenate（89 mg, 0.33 mmol），chromium hexacarbonyl（410 
mg, 1.86 mmol），chromium（III）chloride anhydrous（106 mg, 0.67 mmol）を入れた後，
methanol（1 mL）を加えた．反応容器を密封し，180 ˚C で 60 分間反応させた．常温に
戻した後，ナスフラスコに反応溶液を移し，溶媒を減圧留去した．残渣を少量の
chloroform に再溶解させ，セライトろ過した後，chloroform : hexane = 1 : 1 を溶出溶媒と
したシリカゲルカラムクロマトグラフィーによって精製することにより，化合物 1-3 を
白色の粉末として得た（58.6 mg, 58.6%)．1H-NMR (CDCl3): d 3.74 [3H, s, Cp-COO-CH3], 
5.30 [2H, t, Cp], 5.94 [2H, t, Cp]. FAB-MS: m/z 392/394 (M+H)+, Found: 392/394. 
Tricarbonyl(carboxycyclopentadienyl)rhenium（CpTR-COOH）の合成 
 化合物 1-3a（106 mg, 0.27 mmol）の dioxane（400 µL）溶液に，2 N NaOH（1.2 mL）
をゆっくり滴下した後，30 分間撹拌した．濃 HCl（約 240 µL）を加え，pH を 3 とした
後，ethyl acetate（5 mL）を加え，1% HCl（5 mL x 3）で洗浄した．有機層を無水硫酸カ
ルシウムにより乾燥させた後，溶媒を減圧留去して CpTR-COOH の白色結晶を得た
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（72.3 mg, 70.9%)．1H-NMR (CD3OD): d 5.48 [2H, t, Cp], 6.02 [2H, t, Cp]. FAB-MS: m/z 
378/380 (M+H)+, Found: 378/380. 
Tricarbonyl[(cyclopentadienylcarbonyl amino)-acetic acid methyl ester]rhenium（1-4a）の合成 
 CpTR-COOH（67.2 mg, 0.177 mmol），glycine methyl ester hydrochloride（Gly-OMe, 44.3 
mg, 0.353 mmol），1-hydroxybenzotriazole（HOBt, 25.4 mg, 0.188 mmol）を dimethylform- 
amide（DMF, 1.0 mL）に溶解し，− 5 ˚C に氷冷した．その後，− 5 ˚C を維持したまま
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride（EDC, 40.8 mg, 0.213 mmol）, 
triethylamine（TEA, 79 µL, 0.565 mmol）を加え，3 時間氷冷下にて，次いで室温で 6 時
間撹拌した．溶媒を減圧留去した後，残渣を chloroform（5 mL）に再溶解し，1% HCl
（5 mL x 3）, 飽和 NaHCO3 水溶液（5 mL x 3）で洗浄した．有機層を無水硫酸カルシウ
ムで乾燥後，溶媒を留去して化合物 1-4a の白色結晶を得た（77.3 mg, 89.5%)．1H-NMR 
(CDCl3): d 3.80 [3H, s, -NH-CH2-COO -CH3], 4.13 [2H, d, -NH-CH2- COO -CH3], 5.38 [2H, t, 
-CO-Cp-H2(b)], 5.94 [2H, t, Cp], 6.24 [1H, s, Cp]. FAB-MS: m/z 450/452 (M+H)+, Found: 
450/452. 
Tricarbonyl[(cyclopentadienylcarbonyl amino)-acetate] rhenium（CpTR-Gly）の合成 
 化合物 1-4a の（67.2 mg, 0.15 mmol）の dioxane 溶液（300 µL）に，2 N NaOH（600 µL）
をゆっくり滴下し，30 分間撹拌した．濃 HCl（約 120 µL）を加え，pH を 3 とした後，
ethyl acetate（5 mL）を加え，1% HCl（5 mL x 3）で洗浄した．有機層を無水硫酸カルシ
ウムにより乾燥後，減圧留去して CpTR-Gly の白色固体を得た（51.5 mg, 79.1%）．1H-NMR 
(CD3OD): d 3.99 [3H, s, -NH-CH2-COO-CH3], 5.60 [2H, t, -CO-Cp-H2(b)], 6.21 [2H, t, 
-CO-Cp-H2(a)]. FAB-MS: m/z 436/438 (M+H)+, Found: 436/438. 
Tricarbonyl [188Re][(cyclopentadienylcarbonyl amino)-acetic acid methyl ester]rhenium（1-3b）
の合成 
 本化合物は，Spradau らの方法(94)に変更を加えた double ligand transfer 反応により合
成した．耐圧チューブ（0.3 x 15 cm，耐圧ガラス工業）に化合物 1-2（10 mg, 33 µmol），
chromium hexacarbonyl（14 mg, 64 µmol），tin（II） chloride anhydrous（11 mg, 58 µmol）
を加えた．次いで，乾燥 methanol（500 µL）に溶解した[188Re]ReO4-を反応容器に加え，
180 ˚C で 45 分間反応させた．室温に戻した後，溶媒を留去した．残渣を chloroform に
再溶解させた後，chloroform を溶出液としたシリカゲルカラムクロマトグラフィーで精
製することで 188Re 標識化合物 1-3b を得た． 
Tricarbonyl [188Re](carboxycyclopentadienyl)rhenium（[188Re]CpTR-COOH）の合成 
 188Re 標識化合物 1-3b を dioxane（200 µL）に溶解した後，2 N NaOH（600 µL）を加
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えて室温で 10 分間撹拌した．反応液を濃 HCl（約 120 µL）で pH 3 にした後，SepPak 
cartridge で精製した．溶媒を減圧留去した後，逆相 HPLC（system 1-1）により精製する
ことで，[188Re]CpTR-COOH を得た．放射化学的純度は逆相 HPLC（system 1-1）と TLC
（system 1-3）により求めた．188Re 標識化合物の確認は，非放射性 Re を用いて合成し
た CpTR-COOH と，逆相 HPLC（system 1-1）における保持時間の比較から行った． 
Tricarbonyl [188Re][(cyclopentadienylcarbonyl amino)-acetic acid] rhenium（[188Re]CpTR-Gly）
の合成 
 [188Re]CpTR-COOH を dichloromethane（200 µL）に溶解し，この溶液に N,N’-dicyclo- 
hexylcarbodiimide（DCC, 1 mg），HOBt（1 mg）を加え，室温で 5 分間撹拌した．溶媒を
留去した後，glycine methyl ester hydrochloride（1 mg）と N,N’-diisopropylethylamine（DIEA, 
1 µL）を溶解した DMF（200 µL）を加え，室温で 45 分間撹拌した．次いで，反応溶液
に 2 N NaOH（600 µL）をゆっくり滴下し，10 分間撹拌した．濃 HCl（約 120 µL）を加
え，反応溶液を pH 3 にした後，SepPak cartridge と逆相 HPLC により精製し，
[188Re]CpTR-Gly を得た．放射化学的純度は逆相 HPLC（system 1-1）と TLC（system 1-3）
により求めた．標識化合物の確認は非放射性 Re を用いて合成した CpTR-Gly との逆相
HPLC（system 1-1）における保持時間の比較から行った． 
m-[125I]Iodobenzoic acid の作製 
 Arano らの方法(32)に従い，m-(tri-n-butylstannyl)benzoic acid の合成，および，その放
射性ヨウ素化を行った．逆相 HPLC（system 1-2）によって精製し，m-[125I]iodobenzoic acid
を放射化学的収率 67%，放射化学的純度 95%以上で得た． 
 
5.1.3. インビトロにおける検討 
 生理食塩水に溶解した[188Re]CpTR-COOH および [188Re]CpTR-Gly（40 µL）を 0.1 M リ
ン酸緩衝液（pH 7.4）あるいはマウス血漿（360 µL）に加え，37 ˚C でインキュベート
した．1，3，および 6 時間後にそれぞれの試料の一部を TLC により分析し，緩衝液中
および血漿中での安定性（system 1-4），ならびに血漿タンパクとの結合性（system 1-5）
を調べた．また，分配係数は以下のようにして求めた．1-Octanol（2 mL）と 0.1 M リン
酸緩衝液（pH 7.4, 2 mL）を加えた遠心管に，生理食塩水に溶解した[188Re]CpTR-COOH
あるいは [188Re]CpTR-Gly 溶液（10 µL）を加え，振とう（1 分 x 3）した．遠心分離（1500 
g, 5 分）により 1-octanol とリン酸緩衝液とに分離し，それぞれの層から 100 µL 採取し，
放射活性を測定した．分配係数は 1-octanol 層の放射活性を水層の放射活性で除した値
として求めた． 
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5.1.4. マウス体内動態の検討 
 [188Re]CpTR-COOH および[188Re]CpTR-Gly をそれぞれ生理食塩水に溶解し，一群 3~4
匹の 6 週齡 ddY 系雄性マウスに，一匹あたり 11.1 kBq（100 µL）を尾静脈から投与した．
投与 10，30 分，1，3，および 6 時間後に屠殺した．採血した後，臓器を摘出し，それ
らの重量と放射活性を測定した．また，投与後 6 時間までに排泄された糞便と尿を採取
し，放射活性を測定した．更に，投与後 6 時間までに排泄された尿を分画分子量 10 kDa
の限外ろ過膜（Microcon-10, Millipore, 東京）でろ過し，ろ液を逆相 HPLC（system 1-1）
で分析した．また，マウスに probenecid（100 µL, 50 mg/kg, 0.1 M リン酸緩衝液 pH 8.0）
を尾静脈から投与し，10 分後に[188Re]CpTR-Gly（100 µL, 11.1 kBq）を投与した．投与
10 分後に屠殺し，尿を採取した後，各臓器を摘出し，重量と放射活性を測定した． 
 
5.2. 第 2 章の実験の部 
5.2.1. 試薬・機器 
 逆相 HPLC の分析は，移動相として 0.1% TFA を含有する水（A）と 0.1% TFA を含有
する acetonitrile（B）を用い，直線勾配で A : B = 80 : 20 から A : B = 20 : 80 へ 30 分間で
変換する gradient 法（system 2-1），または水（C）と acetonitrile（D）を用い，直線勾配
で C : D = 100 : 0 から C : D = 0 : 100 へ 30 分間で変換する gradient 法（system 2-2）によ
り，流速 1.0 mL/min で溶出することにより行った．TLC による分析は，展開溶媒とし
て chloroform（system 2-3）または saline（system 2-4）を用いた．N-Methoxycarbonyl- 
maleimide（2-5），3-(tri-n-butylstannyl)hippuric acid, 3-iodohippuric acid および[125I]HML-Fab
は既報の方法に従って合成した (95,96)．3’-[125I]Iodohippuryl Ne-tert-butoxycarbonyl- 
L-lysine（[125I]HL-Boc）もまた既報に従って合成した(43)．Human carcinoembryonic antigen
（CEA）陽性腫瘍である human gastric cancer strain（MKN-45)と抗 CEA 抗体 1B2 は
Immuno-Biological Laboratories Co. Ltd.（高崎，日本）より得た． 
 
5.2.2. 腫瘍とモノクローナル抗体 
 MKN-45 細胞をスキッドマウス（雄性，4 週齢）の左足に皮下移植し，約 0.5 g にな
ったところで，実験に使用した．抗 CEA 抗体 1B2 の Fab フラグメントは Fab Preparation 
kit（ImmunoPure® IgG1 Fab and F(ab’)2 Preparation Kit, Pierce, Rockford, USA）を用いて作
製した． 
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5.2.3. CpTR-COOH および CpTR-Gly の合成 
 CpTR-COOH および CpTR-Gly は第一章の方法に従い合成した． 
 
5.2.4.  CpTR 誘導体の合成 
Na-(tert-Butoxycarbonyl)-glycyl-Ne-carbobenzoxy-L-lysine tert-butyl ester（2-3）の合成 
 N-(tert-Butoxycarbonyl)glycine（2-1）（2.8 g, 16.1 mmol），Ne-carbobenzoxy-L-lysine-tert- 
butyl ester hydrochloride（2-2）（5.0 g, 13.4 mmol）および HOBt（2.4 g, 16.1 mmol）を DMF
（80 mL）に溶解した．0 ˚C に冷却した後，DMF（20 mL）に溶解した EDC（4.26 g, 22.5 
mmol）と DIEA（6.1 mL, 35.9 mmol）を先の溶液に滴下し，4 時間 0 ˚C で撹拌した．そ
の後，室温で一晩撹拌した後，溶媒を留去し，残渣を ethyl acetate（20 mL）に溶解した．
有機層を 1% H2SO4（20 mL x 3）, 飽和 NaCl 溶液（20 mL x 3），飽和 NaHCO3 水溶液（20 
mL x 3）で順次洗浄し，次いで，有機層を無水硫酸カルシウムにより乾燥させた．溶媒
を留去後，残渣を chloroform : methanol = 9 : 1 を溶出溶媒とするシリカゲルカラムクロ
マトグラフィーにより精製し，無色の油状物質として化合物 2-3（4.7 g, 71.2%）を得た．
1H-NMR (CDCl3): d 1.25-1.81 (6H, m, (CH2)3), 1.40-1.43 (9H, s, Boc), 1.40-1.43 (9H, s, 
tert-butyl), 3.14 (2H, t, CH2), 3.75 (2H, d, CH2), 4.37 (1H, q, CH), 4.93 (1H, s, NH), 5.07 (2H, s, 
CH2), 5.14 (1H, s, NH), 6.58 (1H, s, NH), 7.22-7.33 (5H, m, phenyl). FAB-MS: m/z 494 
(M+H)+, Found: 494. 
Na-(tert-Butoxycarbonyl)-glycyl-L-lysine-tert-butyl ester（2-4）の合成 
 化合物 2-3（4.7 g, 9.6 mmol）および 10%パラジウム炭素（0.9 g）を 13%含水 methanol
（40 mL）に加え，水素気流下 2 時間撹拌した．触媒を除去した後，ろ液を減圧留去す
ることにより，化合物 2-4 を無色の油状物質として得た（3.1 g, 90%）．1H-NMR (CD3OD): 
d 1.33-1.95 (6H, m, (CH2)3), 1.48-1.49 (9H, s, Boc), 1.48-1.49 (9H, s, tert-butyl), 2.94 (2H, t, 
CH2), 3.77 (2H, d, CH2), 4.35 (1H, s, CH). FAB-MS: m/z 360 (M+H)+, Found: 360. 
Na-(tert-Butoxycarbonyl)-glycyl-Ne-maleoyl-L-lysine-tert-butyl ester（2-6）の合成 
 化合物 2-6 は，既報の方法(95)を一部変更し合成した．化合物 2-4 を飽和 NaHCO3 水
溶液（18.8 mL）に溶解し，次いで，0 ˚C に冷却した後，tetrahydrofuran（37.6 mL）に溶
解した化合物 2-5（0.71 g, 4.6 mmol）を加えた．冷却下， 2 N NaOH を添加することで
pH を 8.5 に維持し，2 時間撹拌した．濃 H2SO4 の添加により反応溶液の pH を 3~4 にし
た後，ethyl acetate（20 mL x 3)で抽出し，無水硫酸カルシウムで乾燥させた．溶媒を減
圧留去した後，chloroform : methanol = 99 : 1 を溶出溶媒とするシリカゲルカラムクロマ
トグラフィーにより精製し，化合物 2-6 を無色の油状物質として得た（1.05 g, 61.7%）．
1H-NMR (CDCl3): d 1.18-1.76 (6H, m, (CH2)3), 1.36-1.40 (9H, s, Boc), 1.36-1.40 (9H, s, 
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tert-butyl), 3.40 (2H, t, CH2), 3.73 (2H, d, CH2), 4.37 (1H, q, CH), 5.34 (1H, s, NH), 6.62 (2H, s, 
maleimide), 6.69 (1H, s, NH). FAB-MS: m/z 440 (M+H)+, Found: 440. 
Glycyl-Ne-maleoyl-L-lysine-tert-butyl ester hydrochloride（2-7）の合成 
 化合物 2-7 は Kinoshita らの方法(97)に一部変更を加えて合成した．化合物 2-6（180 mg, 
0.68 mmol）と anisole（0.5 mL）を 0 ˚C に冷却下，HCOOH（8.5 mL）と ether（1.0 mL）
の混液に溶解した．15〜17 ˚C で 3 時間撹拌した後，溶媒を留去した． 残渣を 0.01% HCl
を含有する水 : 0.01% HCl を含有する acetonitrile = 2 : 8 を溶出溶媒とする逆相カラムク
ロマトグラフィーに付し，目的物を含む画分を集め，凍結乾燥することにより化合物
2-7 を白色粉末として得た（30 mg, 16.7%）．1H-NMR (CD3OD): d 1.37-1.76 (6H, m, (CH2)3), 
1.36-1.50 (9H, s, tert-butyl), 3.54 (2H, t, CH2), 3.77 (2H, d, CH2), 4.34 (1H, q, CH), 6.85 (2H, s, 
maleimide). FAB-MS: m/z 340 (M+H)+, Found: 340. 
Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-maleoyl-L-lysine-tert-butyl ester)rhenium
（2-8）の合成 
 CpTR-COOH（189.4 mg, 0.5 mmol）, 化合物 2-7（250 mg, 0.65 mmol）および HOBt（101.1 
mg, 0.75 mmol）を DMF（5 mL）に溶解し，0 ˚C に冷却した後，DMF（1 mL）に溶解し
た EDC（118.8 mg, 0.62 mmol）と DIEA（217 µL, 1.27 mmol）を添加した．0 ˚C で 4 時
間，その後，室温で一晩撹拌した．溶媒を減圧留去した後，残渣を ethyl acetate（20 mL）
に溶解し，1% H2SO4（20 mL x 3）, 飽和 NaCl（20 mL x 3），および飽和 NaHCO3（20 mL 
x 3）により順次洗浄した．有機層を無水硫酸カルシウムにて乾燥させた後，溶媒を減
圧留去した．残渣を ethyl acetate : hexane = 3 : 1 を溶出溶媒とするシリカゲルカラムクロ
マトグラフィーにより精製し，化合物 2-8 を無色の油状物質として得た（40 mg, 11.4%）．
1H-NMR (CDCl3): d 1.21-1.82 (6H, m, (CH2)3), 1.43 (9H, s, tert-butyl), 3.46-3.50 (2H, t, CH2), 
4.00 (2H, d, CH2), 4.37-4.40 (1H, q, CH), 5.33-6.00 (4H, t, Cp), 6.67 (2H, s, maleimide), 6.77 
(1H, d, NH), 7.30 (1H, t, NH). FAB-MS: m/z 700/702 (M+H)+, Found: 700/702. 
Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-maleoyl-L-lysine)rhenium（CpTR-GK）の合
成 
 化合物 2-8（10 mg, 14.3 µmol)と anisole（25 µL)を TFA（475 µL)に溶解し，室温で 1
時間撹拌した．TFA を窒素ガスで留去した後，残渣を逆相 HPLC（system 2-2）により
精製し，CpTR-GK を得た（4.6 mg, 50%）．1H-NMR (CD3OD): d 1.21-1.82 (6H, m, (CH2)3), 
3.46-3.50 (2H, t, CH2), 4.15 (2H, d, CH2), 4.46 (1H, q, CH), 5.37-6.08 (4H, t, Cp), 6.67 (2H, s, 
maleimide), 7.56 (1H, t, NH). FAB-MS: m/z 644/646 (M+H)+, Found: 644/646. Anal. 
(C21H21N3O9Re); Calcd, C: 39.07, H: 3.28, N: 6.51, Found, C: 38.93, H: 3.32, N: 6.49. 
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Carbobenzoxy-glycyl-Ne-tert-butoxycarbonyl-L-lysine methyl ester（2-11）の合成 
 Carbobenzoxy-glycine（2-9）（84 mg, 0.40 mmol）, Ne-tert-butoxycarbonyl-L-lysine methyl 
ester hydrochloride（2-10）（100 mg, 0.34 mmol）および HOBt（54 mg, 0.40 mmol）を DMF
（5 mL）に溶解し，− 5 ˚C に冷却した．DMF（0.5 mL）に溶解した EDC（77 mg, 0.40 mmol）
と TEA（56 µL, 0.40 mmol）を先の溶液に加え，氷上 3 時間撹拌し，次いで，室温で 6
時間撹拌した後，溶媒を減圧留去した．残渣を chloroform（5 mL）に溶解し，1% citric acid
（5 mL x 3）, 飽和 NaHCO3 水溶液（5 mL x 3）で洗浄した後，有機層を無水硫酸カルシ
ウムで乾燥させた．溶媒を減圧留去することにより化合物 2-11 を無色の油状物質とし
て得た（141 mg, 89.1%）．1H-NMR (CDCl3): d 1.12-1.83 (15H, overlapped, Boc, (CH2)3), 3.06 
(2H, d, CH2), 3.71 (3H, s, OCH3), 3.91 (2H, d, CH2), 4.59 (1H, d, CH), 4.77 (1H, s, NH), 5.12 
(2H, s, CH2), 5.76 (1H, s, NH), 6.88 (1H, s, NH), 7.31 (5H, m, aromatic). FAB-MS: m/z 452 
(M+H)+, Found: 452. 
Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-tert-butoxycarbonyl-L-lysine-methyl ester) 
rhenium（2-13）の合成  
 10%パラジウム炭素（0.9 g）存在下，化合物 2-11（67.7 mg, 150 mmol）を 5%含水 methanol
（2 mL）に溶解し，水素気流下で 12 時間撹拌した．パラジウム炭素を除去した後，ろ
液を減圧留去することにより化合物 2-12 を得た．化合物 2-12（47.6 mg, 150 mmol），
CpTR-COOH（68.3 mg, 180 mmol）および HOBt（24.3 mg, 180 mmol）を DMF（5 mL）
に溶解し，–5 ˚C に冷却した．DMF（5 mL）に溶解した EDC（48.3 mg, 0.25 mmol）お
よび TEA（35 µL, 0.25 mmol）を加え，氷上で 3 時間撹拌し，次いで室温で 6 時間撹拌
した後，溶媒を減圧留去した．残渣を chloroform（5 mL）に溶解し，1% H2SO4（5 mL x 
3）および飽和 NaHCO3 水溶液（5 mL x 3）により順次洗浄し，有機層を無水硫酸カルシ
ウムで乾燥させた．溶媒を減圧留去することにより，化合物 2-13 を白色固体として得
た（53 mg, 53.5%）．1H-NMR (CDCl3): d 1.29-1.82 (15H, overlapped, Boc, (CH2)3), 3.01 (2H, d, 
CH2), 3.66 (3H, s, OCH3), 3.96 (2H, d, CH2), 4.46 (1H, d, CH), 4.77 (1H, s, NH), 5.32-5.99 (4H, 
t, Cp), 7.10 (1H, s, NH), 7.61 (1H, s, NH). FAB-MS: m/z 678/680 (M+H)+, Found 678/680. 
Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-tert-butoxycarbonyl-L-lysine)rhenium（CpTR- 
GK-Boc）の合成 
 Dioxane（300 µL）に溶解した化合物 2-13（53 mg, 14.7 µmol）に 2 N NaOH（600 µL）
を滴下した．30 分間室温で撹拌した後，5.6 N H2SO4（約 240 µL）を加え，pH を 3 に調
整した．反応液を SepPak cartridge に付し，水（5 mL）で洗浄後，acetonitrile（3 mL）で
溶出した．最初の acetonitrile（100 µL）は廃棄し，残りの溶出液をまとめ，減圧留去す
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ることにより，CpTR-GK-Boc を白色固体として得た（51.5 mg, 57.1%）. 1H-NMR 
(CD3OD): d 1.44-1.90 (15H, overlapped, Boc, (CH2)3), 3.04 (2H, t, CH2), 3.85 (2H, d, CH2), 
4.42 (1H, d, CH), 5.60-6.12 (4H, t, Cp). FAB-MS: m/z 686/688 (M+Na)+, Found 686/688. Anal. 
(C22H28N3O9Re); Calcd, C: 39.75, H: 4.25, N: 6.32, Found, C: 39.54, H: 4.19, N: 6.29. 
[188Re]Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-maleoyl-L-lysine-tert-butyl ester) 
rhenium（2-8a）の作製 
 [188Re]CpTR-COOH, HOBt（2.0 mg）および EDC（2.0 mg）を dichloromethane（200 µL）
に溶解し，5 分間撹拌した．溶媒を減圧留去し，残渣を DMF（150 µL）に溶解した後， 
DMF（50 µL）に溶解した化合物 2-7 と DIEA（0.17 µL）を加えた．20 分間撹拌した後，
acetic acid（100 µL）を滴下し，次いで，飽和 NaHCO3 水溶液により pH を 6.5-7.5 に調
節した．10 分間撹拌した後，反応液を SepPak cartridge に付し，0.01 M リン酸緩衝液（pH 
8.0, 5 mL），0.01 M リン酸緩衝液（pH 6.0, 5 mL）および，水（5 mL）により順次洗浄
した後，acetonitrile（3 mL）により溶出した．Acetonitrile 画分の最初の 100 µL は廃棄し，
残りの画分を集めて，溶媒を減圧留去することにより，[188Re]化合物 2-8a を放射化学的
収率 54%, 放射化学的純度 95%で得た． 
[188Re]Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-maleoyl-L-lysine)rhenium （ [188Re]- 
CpTR-GK）の作製 
 188Re 化合物 2-8a と anisole（10 µL）を TFA（190 µL）に溶解した. 10 分間撹拌した後，
TFA を窒素ガスで留去した．残渣を 0.1 M リン酸緩衝液（pH 6.5, 100 µL）に溶解し，
逆相 HPLC により精製した後，[188Re]CpTR-GK を放射化学的収率 73%，放射化学的純
度 95%で得た. 
[188Re]Tricarbonyl(cyclopentadienylcarbonyl glycyl-Ne-tert-butoxycarbonyl-L-lysine)rhenium
（[188Re]CpTR-GK-Boc）の作製 
 [188Re]CpTR-COOH を dichloromethane（200 µL）に溶解し，次いで，HOBt（1.0 mg）
および DCC（1.0 mg）を加えた. 5 分間撹拌した後，溶媒を減圧留去し，残渣に化合物
2-12（1 mg）の DMF 溶液（200 µL）を加えた．20 分間撹拌した後，2 N NaOH（600 µL）
を加え，さらに 10 分間撹拌した．5.6 N H2SO4（約 240 µL）を加え，pH を 3 にした後，
SepPak cartridge に付し，水（5 mL）で洗浄後，acetonitrile（3 mL）で溶出させた．Acetonitrile
画分の最初の 100 µL は廃棄し，残りの画分を集めて減圧留去することにより，
[188Re]CpTR-GK-Boc を放射化学的収率 92%，放射化学的純度 95%で得た． 
 
5.2.5. 188Re 標識 Fab フラグメントの作製 
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 2 mM の EDTA を含む 0.16 M ホウ酸緩衝液（pH 8.0）に溶解した Fab（200 µL, 2 mg/mL）
に 2-iminothiolane（2-IT, 1 mg/mL）を 7.2 µL 加え，ゆっくりと 30 分間室温で撹拌した．
過剰の 2-IT を，2 mM EDTA を含む 0.1 M リン酸緩衝液（pH 6.5）で平衡化した Sephadex 
G-50 を用いたスピンカラム法により除去した．その溶液の一部を採取し，2,2’-dipyridyl 
disulfide(98)により遊離したチオール基の数を求めた．また，ろ液（100 µL）を，上記の
方法で作製した[188Re]CpTR-GK を含むバイアルに加え，室温で 1.5 時間ゆっくりと撹拌
した．その後，0.1 M リン酸緩衝液（pH 6.5）に溶解した iodoacetamide 溶液（14.8 µL, 10 
mg/mL）を加え，30 分間ゆっくり撹拌することにより，未反応のチオール基をアルキ
ル化した．次いで，[188Re]CpTR-GK-Fab を 0.5 M 酢酸緩衝液（pH 6.0）により平衡化し
た Sephadex G-50 を用いたスピンカラム法により精製した．[188Re]CpTR-GK-Fab は動物
実験の前に生理食塩水で希釈した． 
 [188Re]CpTR-COOH と Fab フラグメントとの結合は Spradau らの方法(28)を一部変更し
行った．Dichloromethane（200 µL）に溶解した[188Re]CpTR-COOH に N-hydroxysuccinimide
（1.0 mg）と DCC（1.0 mg）を順次加え，その後，5 分間撹拌した．逆相 HPLC（system 
2-2）により精製した後，溶媒を減圧留去し，残渣を DMF（10 µL）に溶解した．この
溶液を 0.16 M ホウ酸緩衝液（pH 8.0）に溶解した Fab フラグメントの溶液（2 mg/mL, 100 
µL）に添加した．2 時間 4 ˚C でゆっくり撹拌した後，上記と同様のスピンカラム法に
より精製し，[188Re]CpTR-Fab を得た．各 RI 標識 Fab フラグメントの放射化学的純度は
分子篩 HPLC および TLC（system 2-4）により求めた． 
 
5.2.6. 刷子縁膜小胞（BBMVs）の調製 
 BBMVs は以前に報告された Mg/EGTA 沈殿法(43)に従って，雄性 Wistar 系ラットの
腎臓皮質から作製した．実験には，小胞のタンパク濃度が 10 mg/mL になるように 0.1 M
リン酸緩衝液（pH 7.0）で希釈して用いた．作製した BBMVs のg-glutamyltransferase お
よ び aminopeptidase の 活 性 を L-g-glutamyl-p-nitroanilide(98) お よ び L-leucine- 
p-nitroanilide(99)を基質として用いて調べたところ，それぞれ 5.69 µmol/mg protein/min
および 639 nmol/mg protein/min であった．作製した BBMVs におけるb-galactosidase 活性
を p-nitrophenyl-b-D-galactopyranoside(100)を用いて調べたところ，活性は検出されなか
った．これは作製した BBMVs にリソソームが混入していないことを示す． 
 
5.2.7. インビトロにおける検討 
 BBMVs（20 µL）を 4 ˚C で 2 時間プレインキュベートした後，0.1 M リン酸緩衝液（pH 
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7.0）に溶解した[125I]HL-Boc あるいは[188Re]CpTR-GK-Boc（20 µL）を加えた．37 ˚C で
3 時間インキュベートした後，溶液の一部を採取し，分画分子量 10 kDa の限外ろ過膜
（Microcon-10, Millipore）によりろ過し，得られたろ液を逆相 HPLC（system 2-1 または
2-2）により分析した．金属酵素の活性化剤である Co2+，あるいは，酵素の阻害剤であ
る DL-2-mercaptomethyl-3-guanidinoethylthiopropanoic acid（MGTA）を最終濃度が 1 mM
になるように加えた場合についても検討した(43)． 
 
5.2.8. RI 標識抗体フラグメントの体内動態実験 
 すべての RI 結合 Fab フラグメントを 0.1 M リン酸緩衝液（pH 6.0）を用いて，111 
kBq/mL に希釈した．同じ量の抗体を含む[188Re]CpTR-GK-Fab と[125I]HML-Fab および
[188Re]CpTR-Fab と[125I]HML-Fab のそれぞれを投与直前に 3 mL ずつ混和した後，非標
識体の Fab フラグメントを加えて，抗体濃度を 0.2 mg/mL とした．体内分布の検討は一
群 4 匹の 6 週齢の ddY 雄性マウスに RI 結合 Fab フラグメント（20 µg, 100 µL）を尾静
脈より投与して行った．投与 10，30 分，1，3，6 時間後に断頭，採血し，それぞれの
臓器を摘出し，その重量と放射活性を測定した．また，投与 6 時間後までに体外排泄さ
れた放射活性を測定した． 
 [188Re]CpTR-GK-Fab の投与 6 時間後に尿を採取し，尿中の放射活性を分子篩 HPLC
および分画分子量 10 kDa の限外ろ過膜（Microcon-10, Millipore）によりろ過した後のろ
液を逆相 HPLC（system 2-1）により分析した． 
 MKN-45 腫瘍を移植したスキッドマウスに先ほどと同様に[188Re]CpTR-GK-Fab と
[125I]HML-Fab の混液あるいは[188Re]CpTR-Fab と[125I]HML-Fab の混液を投与した．投与
3 時間後に断頭，採血し，臓器を摘出した後，それらの重量および放射活性を測定した．  
 
5.3. 第 3 章の実験の部 
 
5.3.1. 試薬・機器 
 逆相 HPLC による分析は移動相として 0.1 M リン酸緩衝液（pH 6.0）（A）と acetonitrile
（B）を用い，直線勾配で A : B = 90 : 10 から A : B = 10 : 90 へ 30 分間で変換する
gradient 法により，流速 1.0 mL/min で溶出することにより行った．ゲルろ過クロマト
グラフィー（GPC）による分析では Sephadex G-50 を用いたカラム（1 x 20 cm）により
0.1 M リン緩衝液（pH 6.8）を移動相として流速 1.0 mL/min で溶出した．TLC の展開溶
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媒には acetone（system 3-1）あるいは chloroform : methanol = 10 : 1（system 3-2）を用い
た．ペーパークロマトグラフィーによる分析は，saline を展開溶媒とし，Whatman 社製
No.1 ろ紙により行った．セルロースアセテート膜電気泳動はベロナール緩衝液（I = 0.06, 
pH 8.6）中，20 分間，1.0 mA/cm の電場で泳動を行った．ハイドロキシアパタイトに
は Bio Gel HTP（Bio-Rad Japan, 東京）を使用した．Pamidronate は Kiecyzkowski らの方
法(101)に従って合成した． 
 
5.3.2. CpTR 誘導体の合成 
CpTR-Gly の合成 
 CpTR-Gly は第一章の方法に従って合成した． 
(1-{3-[Tricarbonyl(cyclopentadienylcarbonyl amino)-acetylamido]-1-hydroxy-1-phosphono- 
propyl}-phosphonic acid)rhenium（CpTR-Gly-APD）の合成  
 CpTR-Gly（60 mg, 0.14 mmol）と 2,3,5,6-tetrafluorophenol（TFP）（34.2 mg, 0.21 mmol） 
を DMF（2 mL）に溶解した．氷冷下，DMF（1 mL）に溶解した DCC（42.5 mg, 0.21 mmol）
を加え，0-5 ˚C で 10 時間反応させた．沈殿物をろ去し，ろ液を減圧留去した．残渣を
ethyl acetate : hexane = 2 : 3 を展開溶媒とするシリカゲルカラムクロマトグラフィーで精
製することにより，tricarbonyl[(cyclopentadienylcarbonyl amino)-acetic acid 2,3,5,6-tetra- 
fluorophenol ester]rhenium（CpTR-Gly-TFP）を白色の固体として得た（60.3 mg, 75.1%）．
1H-NMR (CDCl3): d 4.50 (2H, s, -CH2-CO]，5.38 (2H, t, Cp], 5.95 (2H, t, Cp], 6.98-7.06 (1H, m, 
phenyl). FAB-MS: m/z 584/586 (M+H)+, Found: 584/586. 
 APD（53.6 mg, 0.21 mmol）と TEA（137.8 mg, 1.36 mmol）を水（1 mL）に溶解させた．
CpTR-Gly-TFP（136.7 mg, 0.23 mmol）を acetonitrile（1 mL）に溶解し，先の溶液に滴下
した．反応液に TEA（23.0 mg, 0.23 mmol）をさらに加え，2 時間撹拌した．濃縮した後，
methanol を加え，APD を除去した後，0.1% TFA を含有する acetonitrile：0.1 % TFA を
含有する水 = 1：1 を溶出溶媒とする中圧逆相クロマトグラフィー（Yamazen Co Ltd, 
Tokyo）により精製し，CpTR-Gly-APD を白色結晶として得た（162.1 mg, 90.3%）．1H-NMR 
(CD3OD): d 2.20 (2H, m, -CH2-NH-), 3.34 (2H, m, -CH2-CH2-NH-), 3.89 (2H, s, -CH2-CO), 
5.55 (2H, t, Cp), 6.17 (2H, t, Cp). FAB-MS: m/z 855/857 (M + 2 triethylamine)+, Found: 
855/857. Anal. (C14H17N2O12P2Re + 0.9 triethylamine); Calcd, C: 31.30, H: 4.13, N: 5.46, 
Found, C: 31.49, H: 4.38, N: 5.29. 
1,1’-bis[(carbonyl amino)-acetic acid]ferrocene（Fer-Gly-OMe）（3-2）の合成 
 1,1-ferrocenedicarbonic acid（3-1）（1.0 g, 3.6 mmol），HOBt（0.97 g, 7.2 mmol），glycine 
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methyl ester hydrochloride（0.90 g, 7.2 mmol）および TEA（729 mg, 7.2 mmol）を DMF 25 
mL に溶解した．この溶液を− 5 ˚C に冷却し，温度を維持したまま，EDC（1.38 g, 9.0 
mmol）の DMF 溶液（25 mL）を加え，室温で一晩撹拌した．反応溶媒を減圧留去した
後，chloroform（10 mL）に再溶解し，飽和 NaHCO3 水溶液（10 mL x 3），飽和 NaCl 水
溶液（10 mL x 3），10 %クエン酸水溶液（10 mL x 3）で洗浄した．有機層を無水硫酸カ
ルシウムで乾燥した後，溶媒を留去し，化合物 3-2 の赤黄色結晶を得た（1.42 g, 93.2%）．
1H-NMR (CD3OD): d 3.87 (6H, s, CH3-CO-), 4.20 (4H, d, -CH2-NH-), 4.40 (4H, t, -CO-Cp-H2), 
4.79 (4H, t, -CO-Cp-H2). FAB-MS:. m/z 417 (M+H)+, Found: 417. 
[186Re]CpTR-Gly-APD の作製 
 化合物 3-2（14 mg, 33 µmol），Cr(CO)6（14 mg, 64 µmol），SnCl2（40 mg, 74 µmol）を
耐圧チューブに加えた後，乾燥 methanol（500 µL）に溶解した 186ReO4-を加えた．蓋を
閉めた後，190 ˚C で 1 時間反応させた．室温に戻した後，溶媒を減圧留去した．残渣を
chloroform を展開溶媒とするシリカゲルカラムクロマトグラフィーにより精製し，
[186Re]CpTR-Gly のメチルエステル体（3-3）を得た．溶媒を減圧留去後，反応バイアル
に 1,4-dioxane（200 µL），2 N NaOH（600 µL）を加え，10 分間反応させた．濃 HCl（約
120 µL）により酸性にした後，反応溶液を SepPak cartridge により精製し，[186Re]CpTR-Gly
を得た．[186Re]CpTR-Gly の入ったバイアルに，DCC（3 mg, 15 µmol），TFP（3 mg, 18 µmol），
dichloromethane（200 µL）を加え，30 分間反応させた．溶媒を減圧留去した後，acetonitrile
（100 µL）に溶解した．一方で，APD（3 mg, 12 µmol）を 0.2 M borate buffer（pH 9.5, 50 
µL）に溶解し，2 N NaOH により pH を 9.5 に調整した．得られた APD 溶液に
[186Re]CpTR-Gly-TFP を含む acetonitrile 溶液をゆっくり滴下した．1 時間後，2 N HCl で
中和し，逆相 HPLC で精製することにより，[186Re]CpTR-Gly-APD を放射化学的収率 25%，
放射化学的純度 95%で得た． 
 
5.3.3. 186Re-HEDP の合成 
 186Re-HEDP は既報の方法(54)に従って合成した．実験には，生理食塩水で希釈した後
に用いた．この時，186Re-HEDP に含まれる HEDP 濃度は 1.8 mg/mL（8.0 mM）であっ
た． 
 
5.3.4. インビトロにおける実験 
マウス血漿中における安定性 
 [186Re]CpTR-Gly-APD および 186Re-HEDP の溶液 20 µL（111 kBq）と血漿 380 µL を混
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和後，37 ˚C でインキュベートした．1, 3, および 6 時間後にそれぞれの 186Re 標識 BP
について未変化体の割合を TLC（system 3-1）およびペーパークロマトグラフィーによ
り求めた． 
血漿タンパクとの結合性 
 [186Re]CpTR-Gly-APD および 186Re-HEDP の溶液 20 µL（111 kBq）と saline 20 µL，血
漿 360 µL を混和後，37 ˚C でインキュベートし，5 分後に GPC により分析した．また，
HEDP（1.5 mg/mL, 3.3 mg/mL, 20 µL）の生理食塩水溶液を血漿 360 µL に混和し，5 分経
過した後に，それぞれの 186Re 標識化合物（20 µL, 111 kBq）を加え，37 ˚C でインキュ
ベートし，5 分後に GPC により分析した． 
ハイドロキシアパタイトへの結合性 
 ハイドロキシアパタイト（HA）（1 mg）を Tris-buffered saline（TBS）（150 mM NaCl，
50 mM Tris-HCl，pH 7.4, 100 µL）に一晩懸濁させた．TBS（50 µL）あるいは HEDP（50 
µL）を加え，5 分後に，標識化合物を TBS 溶液（50 µL）を加えた．室温で 1 時間振蘯
した後，10,000 g で 5 分間遠心し，上清の一部（100 µL）の放射活性を測定し，下記の
式に従い，HA に結合している放射活性の割合を求めた．また，対照実験では HA を加
えずに同様の操作を行った． 
HA binding (%) = 100 − [(unbound fraction cpm)/(control fraction cpm) x 100. 
 
5.3.5. 動物実験 
 [186Re]CpTR-Gly-APD あるいは 186Re-HEDP（100 µL, 11.1-18.5 kBq）を 6 週齢の ddY
系雄性マウスに尾静脈から投与することで行った．マウスに投与 10 分，1，3，および
6 時間後に断頭，採血し，それぞれの臓器を摘出した後，重量と放射活性を測定した．
また，[186Re]CpTR-Gly-APD 投与 5 分前に HEDP（9.0 mg/kg または 7.5 + 9.0 mg/kg）を
投与した群，HEDP（7.5 mg/kg）を同時投与した群，186Re-HEDP 投与 5 分前に HEDP（7.5 
mg/kg）を投与した群についても同様の検討を行った． 
 
5.4. 第 4 章の実験の部 
 
5.4.1  試薬・機器 
 逆相 HPLC による分析は移動相として，0.1% TFA を含有する水（A）と 0.1% TFA を
含有する acetonitrile（B）を用い，直線勾配で A : B = 30 : 70 から A : B = 0 : 100 へ 30 分
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間で変換する gradient 法（system 4-1）あるいは直線勾配で A : B = 50 : 50 から A : B = 0 : 
100 へ 30 分間で変換する gradient 法（system 4-2）により，流速 1.0 mL/min で溶出する
ことにより行った．溶出液をフラクションコレクターで分取後，99mTc の放射活性は分
取後直ちに 120-150 keV のエネルギー範囲で測定し，125I の放射活性は，分取 5 日後に
20-40 keV のエネルギー範囲で測定した．なお，99mTc のエネルギー範囲における 125I の
放射活性は観察されなかった．15-(p-[125I]Iodophenyl)pentadecanoic acid（[125I]IPPA）およ
び 13-(p-iodophenyl)tridecanoic acid は既報の方法(76,102)に従って合成した． 
 
5.4.2. CpTM 誘導体の合成 
Pentadecanedioic acid monomethyl ester（4-2）の合成 
 − 10 ˚C に冷却した乾燥 methanol（40 mL）に，撹拌しながら thionyl chloride（4.0 mL, 
55 mmol）を滴下した．10 分後，乾燥した pentadecanedionic acid（4-1）（6.0 g, 22 mmol） 
を加えた．徐々に温度を上げ，その後 5 時間還流した．溶媒を減圧留去した後，ether
（40 mL）に溶解し，水層の pH が 5.0 以上になるまで飽和 NaCl 水溶液で洗浄した．有
機層を無水硫酸カルシウムで乾燥させた後，溶媒を減圧留去することにより，化合物
4-1 のジメチルエステルを得た（6.3 g, 95.0%）．この化合物は未精製のまま次の反応に
用いた． 
 Ba(OH)2（1.48 g, 8.5 mmol）の乾燥 methanol（100 mL）溶液を，乾燥 methanol（120 mL）
に溶解した化合物 4-1 のジメチルエステル（5.25 g, 17 mmol）に滴下した．室温で 17 時
間撹拌した後，析出した結晶をろ取し，少量の methanol（20 mL）で洗浄した．得られ
た結晶を ether（100 mL）に溶解し，4 N HCl（100 mL）で洗浄し，有機層を無水硫酸カ
ルシウムで乾燥させた．溶媒を留去後，残渣を ethyl acetate : hexane = 1 : 2 を溶出溶媒と
するシリカゲルカラムクロマトグラフィーにより精製することで，化合物 4-2 を得た
（3.80 g, 78.2%）．1H-NMR（CDCl3）: d 1.49 (18H, s, CH2), 1.79 (4H, m, CH2), 2.84 (4H, m, 
CH2), 3.84 (3H, s, CH3). FAB-MS: m/z 287（M+H)+, Found: 287. 
15-Ferrocenoyl-15-oxopentadecanoic acid methyl ester（4-3）の合成 
 この化合物は Vogel らの方法(79)に一部変更を加え合成した．化合物 4-2（2.0 g, 6.9 
mmol）を thionyl chloride（5 mL, 69 mmol）に溶解し，3 時間還流した．過剰の thionyl 
chloride を減圧留去し，1-methyl pentadecanedioic acid chloride を得た．本化合物を無水の
aluminum chloride（1.3 g, 9.8 mmol）を含む dichloromethane（10 mL）に溶解し，ferrocene
（1.3 g, 6.9 mmol）の dichloromethane（10 mL）溶液に滴下した．室温で一晩撹拌した後，
反応液を氷冷した水（30 mL）に注いだ．Ethyl acetate（30 mL）を加え，有機層に抽出
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した後，飽和 NaCl 水溶液（30 mL x 3）で洗浄した．有機層を無水硫酸カルシウムで乾
燥後，溶媒を留去し，残渣を chloroform : hexane = 5 : 2 を溶出溶媒とするシリカゲルカ
ラムクロマトグラフィーにより精製し，化合物 4-3 を得た（1.5 g, 49%）．1H-NMR (CDCl3): 
d 1.24 (18H, s, CH2), 1.59-1.70 (4H, m, CH2-CH2-CO), 2.29 (2H, t, CH2-COO), 2.68 (2H, t, 
CH2-CO), 3.65 (3H, s, CH3) , 4.18 (5H, s, ferrocene) , 4.47 (2H, s, ferrocene), 4.75 (2H, s, 
ferrocene]. FAB-MS: m/z 455 (M+H)+, Found: 455. 
Tricarbonyl(15-cyclopentadienyl-15-oxopentadecanoic acid methyl ester)rhenium（4-4a）の合
成 
 本化合物は Spradau らの方法(28)に一部変更を加え合成した．化合物 4-3（472 mg, 1.0 
mmol），ammonium perrhenate（89 mg, 0.33 mmol），chromium hexacarbonyl（410 mg, 1.9 
mmol）および chromium（III）chloride anhydrous（110 mg, 0.67 mmol）を耐圧チューブ
に加え，乾燥 methanol を 2 mL 加えた．蓋を密閉し，180 ˚C で 45 分間激しく撹拌した．
室温まで冷却し，セライトでろ過した後，ethyl acetate : hexane = 1 : 4 を溶出溶媒とする
シリカゲルカラムクロマトグラフィーに付し，化合物 4-4a を白色結晶として得た（54.5 
g, 27.3%）．1H-NMR (CDCl3): d 1.23 (18H, s, CH2), 1.55-1.68 (4H, m, CH2-CH2-CO), 2.28 (3H, 
t, CH2-COO), 2.55 (2H, t, CH2-CO), 3.64 (3H, s, CH3) , 5.37 (2H, s, Cp), 5.96 (2H, s, Cp). 
FAB-MS: m/z 603/605 (M+H)+, Found: 603/605. 
Tricarbonyl(15-cyclopentadienyl pentadecanoic acid methyl ester)rhenium（4-5a）の合成 
 本化合物は Bhattacharyya の方法(80)に従って合成した．化合物 4-4a（47 mg, 78 µmol）
を dichloromethane（1 mL）に溶解し，次いで dichloromethane（1 mL）に溶解した titanium 
(IV) chloride（14.7 mg, 78 µmol）を加えた．撹拌しながら，dichloromethane（1 mL）に
溶解した triethylsilane（36.3 mg, 312 µmol）を加え，室温で 14 時間撹拌した．5% sodium 
carbonate 水溶液（5 mL）を加え，有機層を洗浄した．有機層を無水硫酸カルシウムで
乾燥させた後，溶媒を減圧留去した．残渣を chloroform : hexane = 5 : 2 を溶出溶媒とす
るシリカゲルカラムクロマトグラフィーにより精製し，化合物 4-5a を白色結晶として
得た（23 mg, 50%）．1H-NMR (CDCl3): d 1.23 (20H, s, CH2], 1.43-1.71 (4H, m, CH2-CH2-Cp, 
CH2-CH2-CO], 2.29 (2H, t, CH2-CO], 2.37 (2H, t, CH2-Cp], 3.62 (3H, s, CH3], 5.20 (4H, s, Cp]. 
FAB-MS: m/z 589/591 (M+H)+, Found: 589/591. 
Tricarbonyl(15-cyclopentadienyl pentadecanoic acid)rhenium（[185/187Re]CpTR-PA）の合成 
 化合物 4-5a（11 mg, 19 µmol）を ethanol（600 µL）に溶解し，2 N NaOH（200 µL）を
加え，室温で 8 時間反応させた．濃 HCl（約 120 µL）を加え，酸性とした後，ethyl acetate
（5 mL）で抽出し，1% HCl 水溶液（5 mL x 3）で洗浄した．有機層を無水硫酸カルシ
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ウムで乾燥させた後，溶媒を減圧濃縮することにより，目的化合物を白色結晶として得
た（8.3 mg, 77.4%）．1H-NMR (CDCl3): d 1.21 (20H, s, CH2), 1.42-1.69 (4H, m, CH2-CH2-Cp, 
CH2-CH2-CO), 2.35 (4H, m, CH2-Cp, CH2-CO), 5.21 (4H, s, Cp). FAB-MS: m/z 575/577 
(M+H)+, Found: 575/577. Anal. (C23H33O5Re); Calcd, C: 48.08, H: 5.75, N: 0.00, Found, C: 
48.34, H: 5.72, N: 0.03. 
Tricarbonyl(3-cyclopentadienyl propionic acid)rhenium（[185/187Re]CpTR-propionic acid）の合
成 
 本化合物は[185/187Re]CpTR-PA の合成方法と同様に ferrocene と malonic acid monomethyl 
ester を結合させることにより，総収率 5%で得た．この化合物は逆相 HPLC（system 4-2）
において保持時間が 5 分であった．1H-NMR (CDCl3): d 1.43-1.50 (2H, m, CH2), 2.30 (2H, t, 
CH2-CO), 2.35 (2H, t, CH2-Cp), 5.23 (4H, s, Cp). FAB-MS: m/z 407/408 (M+H)+. Found: 
406/408. Anal. (C11H9O5Re); Calcd, C: 32.51, H: 2.22, N: 0.00, Found, C: 32.73, H: 2.09, N: 
0.02. 
[99mTc]Tricarbonyl(15-cyclopentadienyl-15-oxopentadecanoic acid methyl ester)technetium
（4-4b）の合成 
 本化合物は Spradau らの方法(28)に一部変更を加え合成した．化合物 4-3（10 mg, 22 
µmol），chromium hexacarbonyl（14 mg, 64 µmol）および chromium（III）chloride（11 mg, 
58 µmol）を加えた耐圧チューブに乾燥 methanol（500 µL）に溶かした 99mTcO4-を加えた． 
蓋を閉めた後，180 ˚C で 45 分間反応させた. 室温まで冷却した後, 溶媒を減圧留去し
た．残渣をクロロホルムを溶出溶媒とするシリカゲルカラムクロマトグラフィーにより
精製し，化合物 4-4b を得た（放射化学的収率 80%）． 
[99mTc]Tricarbonyl(15-cyclopentadienyl pentadecanoic acid methyl ester)technetium（4-5b）の
合成 
 Dichloromethane（0.5 mL）に溶解した titanium（IV）chloride（8 µL）を化合物 4-4b
に加えた．撹拌しながら dichloromethane（0.5 mL）に溶解した triethylsilane（50.5 µL）
を加え，室温で１時間撹拌した．水（2 mL）と ether（2 mL）を加え，有機層を分取し, 
溶媒を減圧留去することにより，化合物 4-5b を得た（放射化学的収率 55%）． 
[99mTc]Tricarbonyl(15-cyclopentadineyl pentadecanoic acid)technetium（[99mTc]CpTT-PA）の
合成 
 化合物 4-5b を ethanol（600 µL）に溶解し，次いで，2 N NaOH（200 µL）を加えた．
95 ˚C で 10 分間反応させた後，2 N HCl により中和した．反応液を SepPak cartridge に付
し，水（5 mL）で洗浄した後，ethanol（5 mL）で溶出させた．Ethanol の最初の 100 µL
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は廃棄した．残りの ethanol 画分を集め，溶媒を減圧留去した後，逆相 HPLC（system 4-1）
により精製し，[99mTc]CpTT-PA を得た（放射化学的収率 49%）． 
[99mTc]Tricarbonyl(3-cyclopentadienyl propionic acid)technetium（[99mTc]CpTT-propionic acid）
の合成 
 本化合物は[99mTc]CpTT-PA の合成方法と同様に ferrocene と malonic acid monomethyl- 
ester を結合させることにより，総収率 21%で得た．この化合物は逆相 HPLC（system 4-2）
において保持時間が 5.5 分であった．  
 
5.5.3. マウス体内動態の検討 
 [99mTc]CpTT-PA（1.85 MBq）と[125I]IPPA（1.85 MBq）を ethanol（750 µL）に溶解し， 
ゆっくり撹拌しながら 1% BSA saline 溶液（14.25 mL）に加えた．動物実験に使用する
前に 0.22 µｍのフィルターによりろ過した．雄性 Wistar 系ラット（200 g）に両標識化
合物（300 µL，両化合物ともに 37 kBq）を尾静脈より投与した．投与 1，2，5，10，お
よび 30 分後に断頭，採血し，関心臓器を摘出後，重量と放射活性を測定した． 
 
5.5.4. Langendorff 灌流心を用いた検討 
 本実験は Yamamichi ら(83)および Mori ら(84)の方法を一部変更して行った．雄性
Wistar ラット（200-300 g）をネンブタール（50 mg/kg）により麻酔後，心臓を摘出し，
Langendorff 灌流心システムに取り付けた．灌流液には 123 mM NaCl, 5 mM KCl, 1 mM 
MgSO4, 5 mM AcONa, 5 mM CaCl2 および 6 mM glucose を含む 5 mM HEPES buffer（pH 
7.4）を用いた．灌流液は 95% O2, 5% CO2 ガスでバブリングし，peristaltic pump（Pump P-1, 
GE healthcare biosciences）により，流速 8-10 mL/min になるように心臓に送液した．心
拍数は定常状態で 180-200 times/min であった．心拍数が安定してから 10 分後に 
[99mTc]CpTT-PA（74 kBq）と[125I]IPPA（74 kBq）を含む 1% BSA saline 溶液（0.3 mL）を
灌流液（30 mL）に添加した. 2 時間再循環させた後，灌流液の一部（5 mL）を 1 N HCl 
で pH を 1.0 とした後，SepPak cartridge に付し，methanol 5 mL で溶出することにより放
射活性を回収した（92.6%）．この methanol 画分を逆相 HPLC（system 4-2）により分析
した．また，2 時間の灌流終了後，心臓を取り外し，Folch technique(103)により脂質の
抽出を行った（抽出率 93.2%）．すなわち，取り外した心臓を氷上でミンチ状にし，次
いで chloroform : methanol = 2 : 1 の溶液（5 mL）を加え，冷却下 Dounce homogenizer を
用いて手動で 20 回ホモジナイズした．50% H2SO4 溶液を用いて，作製されたホモジネ
ートの pH を 1 にし，有機層に放射活性を抽出した．沈殿物をろ過した後，ろ液を TLC
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により分析した．また，ろ液に 10 M KOH（1 mL）を加え，60 ˚C で 1 時間撹拌するこ
とで，脂質を加水分解し，50% H2SO4 により pH を 1 とした後，chloroform（3 mL）で
抽出した（抽出率 92.7%）．溶媒を減圧留去した後，逆相 HPLC（system 4-2）により分
析した． 
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Chapter 1.  
In vivo Recognition of Cyclopentadienyltricarbonyl Rhenium (CpTR) derivatives  
 
Introduction 
  We recently developed a novel approach to 
reduce renal radioactivity levels of radiolabeled 
low molecular weight polypeptides and peptides. 
In this design, meta-[131I]iodobenzoic acid was 
conjugated with Fab fragments through a glycyl- 
lysine linkage to liberate meta-[131I]iodo- hippuric 
acid by the action of brush border enzymes 
present on the lumen of renal tubules [1,7]. 
Indeed, radioiodinated Fab fragments using meta- 
[131I]iodohippuryl Ne-maleoyl-L-lysine (HML) 
exhibited significantly low renal radioactivity 
levels from early postinjection times onward 
[3,12]. Expansion of the results to metallic 
radionuclides of clinical importance such as 99mTc 
and 186/188Re would provide diagnostic and 
therapeutic pharmaceuticals of much higher 
accuracy and safety without impairing therapeutic 
efficacies.  
  Recent advent in technetium and rhenium 
chemistry provided a large number of chelating 
molecules [2]. Among them, cyclopentadienyl- 
tricarbonylmetal (CpTM, M = 99mTc or 186/188Re) 
compounds were attractive substitutes for meta- 
iodohippuric acid or meta-iodobenzoic acid in 
developing 99mTc and 186/188Re radiolabeling 
reagents for polypeptides and peptides based on 
the design of radioiodinated HML, due to a for-
mation of small-sized chemically stable aromatic 
compounds [5,8,11,18]. Recent development of 
the double-ligand transfer reaction also provided 
potential value for preparing CpTM-based 
radiopharmaceuticals [18]. Indeed, this procedure 
was applied to prepare 99mTc-labeled polypeptide 
and peptide [16,17,19]. However, limited reports 
were available as to in vivo metabolism of CpTM 
derivatives in designing 99mTc and 186/188Re 
substitutes for radioiodinated HML. Further 
knowledge about in vivo metabolism of CpTM 
derivatives would also provide a good basis for 
future applications of the organometallic 
compounds to a variety of 99mTc and 186/188Re 
radiopharmaceuticals.  
  In the present study, in vivo metabolism of 
[188Re]tricarbonyl (carboxycyclopentadienyl) 
rhenium ([188Re]CpTR-COOH) and its glycine 
conjugate [188Re]CpTR-Gly were investigated 
after administration into mice. The former 
compound constitutes a representative starting 
material for further derivatization to a variety of 
radiopharmaceuticals [15,17,19], and the latter 
may serve as potential 99mTc and 186/188Re 
substitutes for meta-iodohippuric acid. Chemical 
structures of the two organometallic rhenium 
compounds are illustrated in Figure 1-1. 
Non-radioactive Re complexes were also synthe-
sized as authentic compounds to identify 
188Re-labeled compounds.  
 
Materials and methods 
Reagents and Chemicals. 188W was supplied 
from the JAERI (Tokai-Mura, Japan) as 
[188W]Na2WO4 in sodium hydroxide solution 
(17-29 MBq/mL). 188Re was eluted from an 
188W/188Re generator system prepared by the 
method of Callahan et al. [6]. Na[125I]I was 
purchased from Daiichi Kagaku (Tokyo, Japan). 
Reversed-phase HPLC (RP-HPLC) was per- 
formed with a Cosmosil 5C18-AR-300 column 
(4.6 x 150 mm, Nacalai Tesque, Kyoto, Japan) at 
a flow rate of 1 mL/min with a gradient mobile 
phase starting from 80% A (0.1% aqueous 
trifluoroacetic acid) and 20% B (acetonitrile with 
0.1% trifluoroacetic acid) to 20% A and 80% B at 
30 min (solvent system 1-1). RP-HPLC was also 
run with a gradient mobile phase starting from 
100% C (water) and 0% D (acetonitrile) to 0% C 
and 100% D at 30 min (solvent system 1-2). Each 
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Figure 1-1. Chemical structures of CpTR-COOH (A) and CpTT-Gly (B). 
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eluent was collected with a fraction collector 
(RediFrac, Pharmacia Biotech, Tokyo) at 30-s 
intervals, and the radioactivity levels in each 
fraction (500 µL) were determined with an auto 
well gamma counter (ARC-380M, Aloka, Tokyo). 
TLC analyses were performed with silica plates 
(Silica gel 60 F254, Merck) developed with 
chloroform (solvent system 1-3), a mixture of 
chloroform and methanol and acetic acid 
(30:10:1; solvent system 1-4) or saline (solvent 
system 1-5). 188Re complexes was purified by 
SepPak plus (C18 short body, 360 mg/cartridge, 
Waters, Tokyo) activated with 6 mL each of 
ethanol and water prior to use. Proton nuclear 
magnetic resonance (1H-NMR) spectra were 
recorded on a JEOL JNM-ALPHA 400 spec-
trometer (JEOL Ltd., Tokyo) with tetramethyl- 
silane as an internal standard. FAB-MS was taken 
on a JEOL JMS-HX-110A mass spectrometer 
(JEOL Ltd., Tokyo). Two masses are reported for 
rhenium containing fragments to indicate the sig-
nificant isotopic abundances of both 185Re and 
187Re. Each peak was observed to have the proper 
relative abundances. Other regents were of 
reagent grade and used as received. 
Preparation of 1,1’-bis(methoxycarbonyl) 
ferrocene. Thionyl chloride (1 mL) was added 
dropwise to methanol (4 mL) at –15 to –10 ˚C. 
After standing for 10 min at the same temperature, 
1,1’-ferrocenedicarboxylic acid (100 mg) was 
added to the solution. The temperature of the 
solution was gradually increased to boiling point 
and the solution was refluxed for 5 h. After 
cooling to room temperature, the solvent was 
evaporated in vacuo, and the residue was 
dissolved in ethyl acetate. The organic layer was 
washed with saturated aqueous NaHCO3 and 
water, and then dried over anhydrous CaSO4. 
After removing the solvent, 1,1-bis(methoxy- 
carbonyl)ferrocene was obtained as a yellow solid 
(0.105 g, 95.4 %). 1H-NMR (CDCl3): d 3.80 (s, 
6H, CH3), 4.39 (t, 4H, Cp), 4.80 (t, 4H, Cp), 
FAB-MS: m/z 303 (M+H)+. Found: 303.  
Preparation of tricarbonyl(methoxycarbonyl- 
cyclopentadienyl)rhenium (CpTR-COOMe). 
This compound was synthesized according to the 
procedure of Spradau et al. [18] with slight 
modifications. A mixture of 1,1-bis(methoxy- 
carbonyl)ferrocene (0.315 g, 1.04 mmol), 
ammonium perrhenate (0.089 g, 0.33 mmol), 
chromium hexacarbonyl (0.410 g, 1.86 mmol), 
and chromium (III) chloride anhydrous (0.106 g, 
0.67 mmol) were placed in a pressure tube (0.8 x 
8.5 cm, Taiatsu glass kogyo, Tokyo). Dry 
methanol (1.0 mL) was added to the mixture, and 
the tube was inserted in silicon oil at 180 ˚C for 
60 min. After cooling to room temperature, the 
reaction mixture was transferred to a round-bot-
tomed flask and the solvent was removed in 
vacuo. The residue was chromatographed on 
silica gel using a mixture of chloroform-hexane 
(1:1) as an eluent to produce CpTR-COOMe 
(58.6 mg, 58.6%) as a white powder. 1H-NMR 
(CDCl3): d 3.74 (s, 3H, CH3), 5.30 (t, 2H, Cp), 
5.94 (t, 2H, Cp), FAB-MS: m/z 392/394 (M+H)+. 
Found: 392/394. 
Preparation of tricarbonyl(carboxycyclo- 
pentadienyl)rhenium (CpTR-COOH). CpTR- 
COOMe (106 mg, 0.27 mmol) in dioxane (400 
µL) was mixed with aqueous sodium hydroxide 
(2 N, 1.2 mL), and the mixture was stirred for 30 
min. After cooling to 0 ˚C, the solution was 
acidified to pH 3 with concentrated HCl (240 µL) 
before extraction with ethyl acetate. The organic 
layers were dried over anhydrous CaSO4, and the 
solvent was removed in vacuo to produce 
CpTR-COOH as a white powder (72.3 mg, 
70.9%). 1H-NMR (CD3OD): d 5.48 (t, 2H, Cp), 
6.02 (t, 2H, Cp), FAB-MS: m/z 378/380 (M+H)+. 
Found: 378/380. 
Preparation of tricarbonyl[(cyclopentadienyl- 
carbonyl amino)-acetic acid methyl ester] 
rhenium (CpTR-Gly-OMe). A mixture of 
CpTR-COOH (67.2 mg, 0.177 mmol), glycine 
methyl ester hydrochloride (44.3 mg, 0.353 
mmol), and 1-hydroxybenzotriazole (HOBt) (25.4 
mg, 0.188 mmol) was dissolved in dimethyl- 
formamide (DMF, 1 mL), and the mixture was 
cooled to –5 ˚C before the addition of 
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide 
hydrochloride (40.8 mg, 0.213 mmol) and 
triethylamine (79 µL, 0.565 mmol). The reaction 
mixture was stirred for 3 h for –5 ˚C for an 
additional 6 h at room temperature. After re-
moving the solution in vacuo, the residue 
dissolved in chloroform (5 mL) was washed with 
1 % HCl (5 mL x 3), saturated aqueous NaHCO3 
(5 mL x 3). The organic layer was dried over 
anhydrous CaSO4. After removing the solvent, 
CpTR-Gly-OMe was obtained as a white powder 
(77.3 mg, 89.5%). 1H-NMR (CDCl3): d 3.80 (s, 
3H, CH3), 4.13 (d, 2H, CH2), 5.38 (t, 2H, Cp), 
5.94 (t, 2H, Cp), 6.24 (s, 1H, NH), FAB-MS: m/z 
450/452 (M+H)+. Found: 450/452. 
Preparation of tricarbonyl[(cyclopentadienyl- 
carbonyl amino)-acetic acid]rhenium (CpTR- 
Gly). CpTR-Gly-OMe (67.2 mg, 0.15 mmol) in 
dioxane (300 µL) was mixed with aqueous 
-75- 
sodium hydroxide (2 N, 600 µL), and the mixture 
was stirred for 30 min at room temperature. After 
cooling to 0 ˚C, the solution was acidified to pH 3 
with concentrated HCl (120 µL) before extraction 
with ethyl acetate. The organic layer was dried 
over anhydrous CaSO4, and the solvent was 
removed in vacuo to afford CpTR-Gly as a white 
powder (51.5 mg, 79.1%). 1H-NMR (CD3OD): d 
3.99 (s, 2H, CH2), 5.60 (t, 2H, Cp), 6.21 (t, 2H, 
Cp), FAB-MS: m/z 436/438 (M+H)+. Found: 
436/438. 
Preparation of tricarbonyl [188Re](carboxy- 
cyclopentadienyl) rhenium ([188Re]CpTR- 
COOH). This compound was prepared according 
to the procedure of Spradau et al. [18] with slight 
modifications. To a mixture of 1,1-bis(methoxy- 
carbonyl)ferrocene (10 mg, 33 µmol), chromium 
hexacarbonyl (14 mg, 64 µmol), and tin (II) 
chloride anhydrous (11 mg, 58 µmol) in a 
pressure tube (0.3 x 15 cm, Taiatsu glass kogyo) 
was added a solution of [188Re]ReO4- in dry 
methanol (500 µL). The mixture was heated at 
180 ˚C for 45 min. After cooling to room 
temperature, the solvent was removed in vacuo 
and the residue was chromatographed on silica 
gel using chloroform as an eluent to produce 
[188Re]CpTR-COOMe. This compound was then 
dissolved in dioxane (200 µL), and was mixed 
with aqueous sodium hydroxide (2 N, 600 µL) for 
10 min. The solution was acidified to pH 3 with 
concentrated HCl (120 µL), and the mixed 
solution was loaded onto an activated SepPak 
cartridge. The cartridge was washed with water (5 
mL) and eluted with ethanol (3 mL). The first 
eluting ethanol fraction (100 µL) was discarded, 
and the combined eluents were evaporated in 
vacuo. The residue dissolved in methanol was 
then purified by RP-HPLC (solvent system 1-1) 
to produce [188Re]CpTR-COOH.  
Preparation of tricarbonyl [188Re][(cyclo- 
pentadienylcarbonyl amino)-acetic acid] 
rhenium ([188Re]CpTR-Gly). [188Re]CpTR- 
COOH dissolved in 200 µL of dichloromethane 
was added to a mixture of N, N’-dicyclohexyl- 
carbodiimide (1 mg, 5 µmol) and HOBt (1 mg, 7 
µmol). After stirring for 5 min at room 
temperature, the solution was evaporated in vacuo. 
A solution of glycine methyl ester hydrochloride 
(1 mg, 8 µmol) in DMF (200 µL) and N, N-diiso-
propylethylamine (1 µL, 11 µmol) were 
successively added to the residue, and the reaction 
mixture was stirred at room temperature for 45 
min. The reaction was quenched by the addition 
of aqueous sodium hydroxide (2 N, 600 µL). 
After 10 min stirring, the reaction mixture was 
acidified to pH 3 with concentrated HCl (120 µL). 
[188Re]CpTR-Gly was obtained after purification 
through SepPak cartridge and RP-HPLC (solvent 
system 1) as described above.  
Preparation of meta-[125I]Iodobenzoic acid.  
Meta-(tri-n-butylstannyl)benzoic acid was 
synthesized as described previously [4]. To a 
solution of meta-(tri-n-butylstannyl)benzoic acid 
in methanol containing 1% acetic acid (0.45 
mg/mL, 72.2 µL) was added N-chlorosuccinimide 
in methanol (0.5 mg/mL, 20 µL) and Na[125I]I 
(1.85 MBq), successively. The reaction mixture 
was kept at room temperature for 20 min before 
quenching with aqueous sodium disulfide (11.1 
µL, 0.72 mg/mL). Meta-[125I]iodobenzoic acid 
was obtained after purification by RP-HPLC (sol-
vent system 1-2) in radiochemical yield and 
purity of 67% and over 95%, respectively. 
In vitro studies. [188Re]CpTR-COOH or 
[188Re]CpTR-Gly (40 µL each) in saline was 
diluted 10-fold with freshly prepared murine 
plasma or 0.1 M phosphate buffer (pH 7.4), and 
each solution was incubated at 37 ˚C. After 1, 3 
and 6 h incubation, 10 µL aliquots of the samples 
were drawn, and the radioactivity was analyzed 
by TLC. The solvent system 4 was employed for 
measuring the stability in plasma and the 
buffered-solution, while solvent system 5 was 
used to assess plasma protein binding of the two 
compounds.  
  [188Re]CpTR-COOH or [188Re]CpTR-Gly (10 
µL each) in saline was added to a mixture 
1-octanol (2 mL) and 0.1 M phosphate buffer (pH 
7.4, 2 mL) in test tubes. After vortexing the test 
tubes (1 min x 3), the tubes were centrifuged for 5 
min at 1500 g. Each 100 µL sample from the 
1-octanol and the buffer layer was counted with 
an auto well gamma counter. The partition 
coefficient was determined by calculating the 
ratios of counts per minute per mL (cpm/mL) of 
1-octanol to that of the buffer. 
In vivo studies. Animals studies were conducted 
in accordance with our institutional guidelines 
and were approved by Chiba University Animal 
care Committee. Biodistribution studies were 
performed by intravenous administration of a 
saline solution of [188Re]CpTR-COOH or 
[188Re]CpTR-Gly to 6-week-old male ddY mice. 
Groups of three to four mice each were 
administered 0.3 µCi (11.1 kBq, 100 µL) of the 
188Re compounds prior to sacrificing at 10 and 30 
min, 1, 3 and 6 h postinjection by decapitation. 
Tissues of interest were removed, weighed and 
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the radioactivity counts were determined with an 
auto well gamma counter. To determine the 
amounts and routes of excretion of radioactivity 
from the body, mice were house in metabolic 
cages for 6 h. Urine and feces were collected, and 
the radioactivity was determined. The 
radiolabeled species excreted in the urine by 6 h 
postinjection of [188Re]CpTR-COOH, [188Re]Cp- 
TR-Gly and meta-[125I]iodobenzoic acid were 
analyzed by RP-HPLC (solvent system 1 for 
[188Re]CpTR-COOH and [188Re]CpTR-Gly, 
solvent system 2 for meta-[125I]iodobenzoic acid) 
after filtering through a 10 kDa cut-off 
ultrafiltration membrane (Microcon-10, Amicon, 
Millipore, Tokyo). 
  To elucidate renal excretion mechanism of 
[188Re]CpTR-Gly, probenecid (50 mg/kg in 0.1 M 
phosphate buffer pH 8.0, 100 µL) was 
administered to mice 10 min before injection of 
[188Re]CpTR-Gly [20]. After 10 min injection of 
[188Re]CpTR-Gly, mice were sacrificed by 
decapitation, and the tissues of interest and urine 
samples were collected and the radioactivity was 
determined.  
 
Results 
Preparations of [188Re]CpTR-COOH and 
[188Re]CpTR-Gly. [188Re]CpTR-COOH was 
prepared by the double ligand transfer reaction in 
radiochemical yield and purity of 27.9% and over 
95%, respectively, as determined by TLC (solvent 
system 1-4). [188Re]CpTR-Gly was synthesized 
by conjugating glycine methyl ester with 
[188Re]CpTR-COOH, followed by hydrolysis of 
methyl ester in radiochemical yield and purity of 
89.5% and over 95%, respectively, as determined 
by TLC (solvent system 1-4). Both [188Re]CpTR- 
COOH and [188Re]CpTR-Gly depicted single 
peaks at retention times identical to those of 
nonradioactive compounds on RP- HPLC using 
solvent system 1 (Figure 1-2). 
In vitro studies. When [188Re]CpTR-COOH and 
[188Re]CpTR-Gly were incubated in freshly 
prepared murine plasma at 37 ˚C for 1 h, no 
changes in TLC radiochromatograms were 
observed with the two [188Re]CpTR derivatives 
(Figure 1-3). Over 95% of the initial radioactivity 
was also detected at positions similar to those of 
[188Re]CpTR-COOH or [188Re]CpTR-Gly after 6 
h incubation in murine plasma and 0.1 M 
phosphate buffer (Figure 1-4).  
  The partition coefficients of [188Re]CpTR- 
COOH and [188Re]CpTR-Gly were 7.12 ± 0.12 
and 2.02 ±  0.05, respectively. TLC analysis 
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Figure 1-2. RP-HPLC elution profiles of 
[185/187Re]CpTR-COOH (A) and [185/187Re]CpTR-Gly 
(B) as determined by UV (254 nm) trace (upper). 
Radioactivity trace of [188Re]CpTR-COOH (A) and 
[188Re]CpTR-Gly (B) (bottom) showed retention 
times identical to those of non-radioactive 
counterparts. Under these conditions, 
[185/187Re]CpTR-COOH and [185/187Re]CpTR-Gly 
were eluted at retention times of 14 and 10.5 min, 
respectively. 
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Figure 1-3. TLC radioactivity profiles of 
[188Re]CpTR-COOH (A) and [188Re]CpTR-Gly 
(B) before (upper) and after 6 h (bottom) 
incubation in murine plasma. Under these 
conditions, CpTR-COOH and CpTR-Gly had Rf 
values of 0.65 and 0.45, respectively. 
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Figure 1-4. Percent radioactivity as intact 
188Re-labeled compound after incubation of [188Re] 
CpTR-COOH (○) and [188Re]CpTR-Gly (■) in 
buffered-solution (A) and murine plasma (B). 
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showed that [188Re]CpTR-COOH and [188Re]Cp- 
TR-Gly had a Rf value of 0.65 and 0.45 on TLC 
(solvent system 5), respectively, while [188Re]Cp- 
TR-COOH and [188Re]CpTR-Gly had a retention 
time of 14.0 and 10.5 min, respectively, on 
RP-HPLC (solvent system 1-1).   
In vivo studies. The biodistribution of 
radioactivity after administration of [188Re]CpTR- 
COOH and [188Re]CpTR-Gly into mice is 
summarized in Table 1-1. Both [188Re]CpTR 
derivatives exhibited rapid clearance of 
radioactivity from the blood with insignificant 
accumulation in tissues except for excretory 
tissues. [188Re]CpTR-COOH showed higher 
radioactivity levels in the kidney and the liver 
than those of [188Re]CpTR-Gly from 10 min to 6 
h postinjection. [188Re]CpTR-COOH also 
exhibited a time-dependent increase in the 
radioactivity in the intestine. While urinary 
excretion was the major excretion pathway for 
both [188Re]CpTR derivatives, [188Re]CpTR-Gly 
showed higher radioactivity levels in the urine 
than those of [188Re]CpTR-COOH. 
  Figures 1-5A and 1-5B show RP-HPLC radio- 
chromatograms of urine samples by 6 h after 
administration of [188Re]CpTR-COOH and 
[188Re]CpTR-Gly. The radioactivity was re-
covered in the filtrates after filtration of the urine 
samples through a 10 kDa cut-off ultrafiltration 
membrane. The urine samples of [188Re]CpTR- 
Gly depicted a single radioactivity peak at a 
retention time identical to that of an intact 
[188Re]CpTR-Gly (10.5 min). On the other hand, 
the urine samples of [188Re]CpTR-COOH showed 
multiple radioactivity peaks at retention times of 
7.5-8.5, 10.5 and 14 min, respectively. Each 
 
Table 1-1. Biodistribution of radioactivity after intravenous injection of [188Re]CpTR- 
COOH and [188Re]CpTR-Gly in micea 
Time after injection  
10 min 30 min 1 h 3 h 6 h 
 [188Re]CpTR-COOH 
Blood 0.92 (0.10) 0.31 (0.07) 0.30 (0.11) 0.25 (0.11) 0.24 (0.07) 
Kidney 37.70 (8.28) 16.09 (3.34) 7.90 (0.67) 3.68 (0.33) 3.27 (0.91) 
Liver 16.14 (3010) 13.20 (2.81) 9.50 (0.71) 6.43 (0.51) 3.96 (0.19) 
Intestine 4.10 (1.62) 5.02 (1.46) 8.17 (2.41) 9.56 (2.57) 13.67 (1.34) 
Stomachb 0.68 (0.14) 0.85 (0.46) 0.77 (0.45) 0.55 (0.16) 0.74 (0.39) 
Urineb     55.25 (5.93) 
Fecesb     8.91 (2.44) 
 [188Re]CpTR-Gly 
Blood 0.73 (0.06) 0.40 (0.11) 0.18 (0.09) 0.14 (0.05) 0.11 (0.04) 
Kidney 21.08 (4.70) 12.07 (5.68) 4.80 (0.73) 2.44 (0.32) 1.86 (0.62) 
Liver 4.08 (0.76) 2.17 (0.85) 1.41 (0.62) 0.77 (0.04) 0.74 (0.19) 
Intestine 1.86 (0.10) 1.79 (0.63) 2.52 (1.13) 2.70 (0.84) 4.64 (1.85) 
Stomachb 0.63 (0.40) 0.84 (0.14) 1.07 (0.46) 1.89 (0.41) 0.76 (0.43) 
Urineb     77.56 (1.43) 
Fecesb     6.58 (1.53) 
a Tissue radioactivity is expressed as %ID/ g for each group (n=3-4); results are reported 
as mean (SD). 
b Expressed as %ID. 
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Figure 1-5. RP-HPLC radioactivity profiles of injected samples (upper) and urine samples (bottom) obtained by 6 
h postinjection of [188Re]CpTR-COOH (A), [188Re]CpTR-Gly (B), and m-[125I]iodobenzoic acid (C). 
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10.3 % of the total radioactivity eluted from the 
column. Cochromatographic analysis showed that 
the radioactivity peaks at retention times of 10.5 
and 14 min were identical to those of 
[188Re]CpTR-Gly and [188Re]CpTR-COOH, 
respectively. The urine sample of meta- 
[125I]iodobenzoic acid showed that over 80% of 
the radioactivity was excreted as meta-[125I]- 
iodohippuric acid (Figure 1-5C). 
  Table 1-2 shows biodistribution of radioactivity 
after injection of [188Re]CpTR-Gly to probenecid- 
treated mice. A significant decrease in urinary 
excretion and an increase in hepatic accumulation 
of [188Re]CpTR-Gly were observed when 
compared with untreated mice.  
  
Discussion 
 This study was undertaken to investigate 
biological properties of CpTR-COOH since this 
compound is one of the representative starting 
materials for further derivatization [15,17,19]. To 
estimate the applicability of CpTR compounds to 
186/188Re-labeled HML mimics, similar studies 
were also performed with CpTR-Gly.  
 Plasma incubation studies confirmed that high 
chemical stability of the organometallic rhenium 
compounds was well reflected in their high 
plasma stability (Figure 1-4). This study also 
indicated that plasma protein binding was hardly 
observed with both CpTR compounds (Figure 
1-3). Low plasma protein binding of radiometal 
core constitutes an important prerequisite for 
radiopharmaceutical applications, since inter- 
action of radiometal chelates with plasma proteins 
caused significant delay in radioactivity 
elimination rates from the blood, as observed with 
99mTc-HYNIC-conjugated polypeptides and 
peptides using tricine as co-ligand [13,14]. Indeed, 
both [188Re]CpTR-COOH and [188Re]CpTR-Gly 
exhibited rapid clearance of radioactivity from the 
blood after injection. Different biodistribution 
profiles between the two CpTR compounds would 
be attributed to different lipophilicity of the two. 
The higher lipophilicity of CpTR-COOH would 
account for its higher hepatic uptake and 
hepatobiliary excretion. No significant 
accumulation of the radioactivity in the stomach 
was observed with the two CpTR compounds. In 
addition, [188Re]CpTR-Gly was excreted intact in 
the urine after administration. These results 
reinforced that CpTR core is highly stable in vivo.  
 However, different metabolic fates were 
observed between the two CpTR compounds. 
While the majority of [188Re]CpTR-Gly was 
excreted in the urine as its intact structure, 
[188Re]CpTR-COOH was metabolized to more 
hydrophilic compounds in the liver and/or kidney 
before urinary excretion (Figure 1-5). The HPLC 
analysis of the urine sample 6 h after injection of 
[188Re]CpTR-COOH infers that glycine 
conjugation of CpTR-COOH partially took place 
before excretion. It is well known that glycine 
conjugation is one of the major detoxification 
pathways for aromatic acids [9]. Prior studies also 
showed that while meta-iodobenzoic acid was 
metabolized to its glycine conjugate, ortho- and 
para-iodobenzoic acids were metabolized not 
only to their glycine conjugates but to 
glucuronide conjugates as well in rat kidney [10]. 
Thus, generation of hydrophilic metabolites after 
injection of [188Re]CpTR-COOH implied that 
[188Re]CpTR-COOH appears to be partially 
recognized as an aromatic acid in the body. 
  To further investigate the metabolic stability of 
[188Re]CpTR-Gly, renal excretion pathways of the 
organometallic compound was examined in 
probenecid-treated mice. Since probenecid is an 
inhibitor against renal tubular secretion [21], a 
significant decrease in urinary excretion and an 
increase in hepatobiliary excretion indicated that 
renal excretion of [188Re]CpTR-Gly was 
accomplished by active tubular secretion via 
anion transporter on basolateral membrane as well 
as by glomerular filtration. This study also 
indicated that [188Re]CpTR-Gly was 
metabolically stable while crossing renal cells 
from pertubular capillaries to proximal tubules, as 
also observed with iodohippuric acid. In other 
words, glycine conjugation of 
[188Re]CpTR-COOH rendered the resulting organ-
ometallic rhenium compound inert against further 
in vivo metabolism in renal cells. This also 
Table 1-2. Biodistribution of radioactivity after 10 min injection of [188Re]CpTR-Gly to 
probenecid-treated and untreated micea 
 Blood Liver Kidney Urine 
Probenecid (+) 2.08 (0.37)* 7.20 (1.39)* 23.94 (4.24) 20.91 (7.90)* 
Probenecid (Å|) 1.51 (0.16) 4.92 (0.16) 26.31 (6.36) 34.44 (6.41) 
a Expressed as %ID/g. 
Mean (S.D.) of four to five animals for each point. 
Significance s determined by unpaired Student’s t-test; (*) p < 0.05 compared to untreated-mice.  
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suggested that [188Re]CpTR-Gly would be 
excreted into urine when the compound is 
liberated from covalently conjugated polypeptides 
or peptides by the action of brush border enzymes 
present on the lumen of renal tubules. In addition, 
high radiochemical yield of [188Re]CpTR-Gly 
from [188Re]CpTR-COOH precursor via its active 
ester intermediate implied that further 
derivatization of CpTR to radiolabeling reagents 
for polypeptides and peptides could be practically 
performed. 
  In conclusion, in vivo metabolism of CpTR 
compounds was investigated. The findings in this 
study confirmed that CpTR core remained stable 
under biological environment. CpTR-COOH was 
partially recognized as an aromatic acid and was 
metabolized as such. However, glycine 
conjugation of CpTR-COOH was excreted into 
urine without further metabolism. Low plasma 
protein binding of CpTR derivatives was also 
demonstrated. These findings would provide a 
good basis for further applications of CpTR 
derivatives to a variety of 186/188Re radio- 
pharmaceuticals. Especially, CpTR-Gly could 
constitute potential candidate as an alternative for 
meta-iodohippuric acid in preparing rhenium 
radiolabeling reagents of polypeptides and 
peptides based on the design of radioiodinated 
HML. 
  
References 
[1] H. Akizawa and Y. Arano, Altering 
pharmacokinetics of radiolabeled antibodies by 
the interposition of metabolizable linkages. 
Metabolizable linkers and pharmacokinetics of 
monoclonal antibodies, Q J Nucl Med 2002;46: 
206-223. 
[2] Y. Arano, Recent advances in 99mTc 
radiopharmaceuticals, Ann Nucl Med 2002;16: 
79-93. 
[3]  Y. Arano, Y. Fujioka, H. Akizawa, M. Ono, T. 
Uehara, K. Wakisaka, M. Nakayama, H. Sakahara, 
J. Konishi, H. Saji, Chemical design of 
radiolabeled antibody fragments for low renal 
radioactivity levels, Cancer Res 1999; 59:128- 
134. 
[4] Y. Arano, K. Wakisaka, Y. Ohmomo, T. 
Uezono, T. Mukai, H. Motonari, H. Shiono, H. 
Sakahara, J. Konishi, C. Tanaka, et al., 
Maleimidoethyl 3-(tri-n-butylstannyl)hippurate: a 
useful radioiodination reagent for protein 
radiopharmaceuticals to enhance target selective 
radioactivity localization, J Med Chem 1994;37: 
2609-2618. 
[5]  F.L. Bideau, M. salmain, S. Top, G. Jaouen, 
New and Efficient Routes to Biomolecules 
Substituted with Cyclopentadienyltricarbonyl- 
rhenium and -Technetium Derivatives, Chem Eur 
J 2001;11:2289-2294. 
[6] A.P. Callahan, D.E. Rice, F.F.J. Knapp, 
Rhenium-188 for therapeutic applications from an 
alumina-based tungsten-188/rhenium-188 
radionuclide generator, NUC-COMPACT 1989; 
30:3-6. 
[7]  Y. Fujioka, Y. Arano, M. Ono, T. Uehara, K. 
Ogawa, S. Namba, T. Saga, Y. Nakamoto, T. 
Mukai, J. Konishi, H. Saji, Renal metabolism of 
3'-iodohippuryl Ne-maleoyl-L-lysine (HML)- 
conjugated Fab fragments, Bioconjugate Chem 
2001;12:178-185. 
[8]  G. Jaouen, S. Top, A. Vessieres, P. Pigeon, G. 
Leclercq, I. Laios, First anti-oestrogen in the 
cyclopentadienyl rhenium tricarbonyl series. 
Synthesis and study of antiproliferative effects, 
Chem Commum 2001:383-384. 
[9] F. Kasuya, Y. Yamaoka, E. Osawa, K. Igarashi, 
M. Fukui, Difference of the liver and kidney in 
glycine conjugation of ortho-substituted benzoic 
acids, Chem Biol Interact 2000;125:39- 50. 
[10] M. Laznicek, A. Laznickova, Renal handling 
of iodobenzoic acids in rats, J Pharm Pharmacol 
1999;51:1019-1023. 
[11] F. Minutolo, J.A. Katzenellenbogen, A 
convenient three-component synthesis of 
substituted cyclopentadienyl tricarbonyl rhenium, 
J Am Chem Soc 1998;120:4514-4515. 
[12]  Y. Nakamoto, H. Sakahara, T. Saga, N. 
Sato, S. Zhao, Y. Arano, Y. Fujioka, H. Saji, J. 
Konishi, A novel immunoscintigraphy technique 
using metabolizable linker with angiotensin II 
treatment, Br J Cancer 1999;79:1794-1799. 
[13]  M. Ono, Y. Arano, T. Mukai, Y. Fujioka, K. 
Ogawa, T. Uehara, T. Saga, J. Konishi, H. Saji, 
99mTc-HYNIC-derivatized ternary ligand 
complexes for 99mTc-labeled polypeptides with 
low in vivo protein binding, Nucl Med Biol 2001; 
28:215-224. 
[14]  M. Ono, Y. Arano, T. Mukai, T. Uehara, Y. 
Fujioka, K. Ogawa, S. Namba, M. Nakayama, T. 
Saga, J. Konishi, K. Horiuchi, A. Yokoyama, H. 
Saji, Plasma protein binding of 99mTc-labeled 
hydrazino nicotinamide derivatized polypeptides 
and peptides, Nucl Med Biol 2001;28:155-164. 
[15]  M. Salmain, M. Gunn, A. Gorfti, S. Top, G. 
Jaouen, Labeling of proteins by organometallic 
complexes of rhenium. (I). Synthesis and 
biological activity of the conjugates, Bioconjugate 
Chem 1993;4:425-433. 
-80- 
[16]  M.B. Skaddan, F.R. Wust, S. Jonson, R. 
Syhre, M.J. Welch, H. Spies, J.A. 
Katzenellenbogen, Radiochemical synthesis and 
tissue distribution of Tc-99m-labeled 7alpha- 
substituted estradiol complexes, Nucl Med Biol 
2000;27:269-278. 
[17] T.W. Spradau, W.B. Edwards, C.J. Anderson, 
M.J. Welch, J.A. Katzenellenbogen, Synthesis and 
biological evaluation of Tc-99m-cyclopenta- 
dienyltricarbonyltechnetium-labeled octreotide, 
Nucl Med Biol 1999;26:1-7. 
[18] T.W. Spradau, J.A. Katzenellenbogen, 
Preparation of cyclopentadienyltricarbonyl-
rhenium complexes using a double ligand-transfer 
reaction, Organometallics 1998;17:2009-2017. 
[19] T.W. Spradau, J.A. Katzenellenbogen, 
Protein and peptide labeling with (cy-
clopentadienyl)tricarbonyl rhenium and 
technetium, Bioconjugate Chem 1998;9:765-772. 
[20] H.P. Vanbilloen, B.J. Cleynhens, A.M. 
Verbruggen, Synthesis and biological evaluation 
of the four isomers of technetium-99m labeled 
ethylenecysteamine cysteine (99mTc-ECC), the 
mono-acid derivative of 99mTc-L,L-ethylene- 
dicysteine, Nucl Med Biol 2000;27:207-214. 
[21] A. Wack, C. Woermann, W. Braun, A study 
of the probenecid effect on amino acid 
accumulation in kidney cortex slices, Arch Int 
Pharmacodyn Ther 1982;256:292-300. 
 
-81- 
Chapter 2. 
 Design, synthesis and evaluation of [188Re]organorhenium-labeled antibody 
fragments with renal enzyme-cleavable linkage for low renal radioactivity levels 
 
Introduction 
 When injected into body, radiolabeled antibody 
fragments and peptides show high and persistent 
localization of radioactivity in the kidneys from 
early-postinjection times, which impairs 
diagnostic accuracy and limits therapeutic 
potential [1-5]. To circumvent the problem, we 
have developed a radioiodination reagent for 
antibody fragments, 3’-iodohippuryl Ne-maleoyl- 
L-lysine (HML, Figure 2-1A), based on the 
hypothesis that the glycyl-lysine linkage in HML 
would be cleaved by the action of enzymes 
present on the lumen of renal tubules while the 
antibody fragments are taken up by renal cells [6]. 
Indeed, [131I]HML-conjugated Fab fragments 
(Figure 2-1) significantly reduced renal 
radioactivity levels shortly after injection without 
impairing radioactivity levels in the tumor [6, 7]. 
Subsequent in vivo and in vitro studies supported 
that the cleavage of the glycyl-lysine linkage 
occurred at the membrane fraction of renal cells 
[8] and that enzymes on renal brush border 
membrane were responsible for cleaving the 
glycyl-lysine linkage in HML [9].   
 Since high and persistent radioactivity levels in 
the kidney are observed with antibody fragments 
and peptides particularly labeled with metallic 
radionuclides [4, 10-13], application of the 
molecular design of HML to metallic 
radionuclides constitutes an attractive approach to 
reduce renal radioactivity levels. Recently, Li et al. 
developed bifunctional chelating agents with 
glycyl-lysine linkages to reduce renal 
radioactivity levels of 111In-labeled diabodies [14]. 
Although one of the 111In-labeled diabodies 
significantly reduced renal radioactivity levels, 
further reduction in the renal radioactivity levels 
was required for clinical application. 
 Since HML was designed to liberate a 
radiometabolite of urinary excretion from 
covalently conjugated antibody fragments by the 
action of renal brush border enzymes, a 
radiometal chelate released from antibody 
molecules following cleavage of a glycyl-lysine 
linkage should possess biological behaviors 
similar to those of m-iodohippuric acid. In 
addition, our prior study indicates the 
involvement of some metalloenzymes in cleaving 
the glycyl-lysine linkage in HML [9]. Since the 
majority of chelating agents in radiolabeled 
antibody fragments are free of radiometal ions, 
care should be taken so as not inactivate metallo- 
enzymes on renal brush border membrane. On 
these bases, we estimated applicability of the 
molecular design of HML to metallic radio- 
nuclides using organorhenium compounds, due to 
their extremely high chemical inertness [15]. Our 
previous study also indicated that [188Re]tri- 
carbonyl(cyclopentadienylcarbonate)rhenium 
([188Re]CpTR-COOH) was metabolized to 
glycine conjugate ([188Re]CpTR-Gly) in vivo and 
that [188Re]CpTR-Gly possessed in vivo behaviors 
similar to those of m-iodohippuric acid [16]. In 
addition, chemical structures of CpTR-Gly and its 
derivatives are well characterized using non- 
radioactivity rhenium compounds. 
 In this study, [188Re]CpTR-COOH was coupled 
with Ne-maleoyl-glycyl-lysine or Ne-tert-butoxy- 
carbonyl-glycyl-lysine to prepare [188Re]CpTR- 
GK or [188Re]CpTR-GK-Boc (Figure 2-1B). In 
vitro hydrolysis rates of the glycyl-lysine linkages 
in [188Re]CpTR-GK-Boc and 
3’-[125I]iodohippuryl Ne-Boc-lysine 
([125I]HL-Boc) were compared using renal brush 
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Figure 2-1. RP-HPLC radioactivity profiles of 
injected samples (upper) and urine samples 
(bottom) obtained by 6 h postinjection of 
[188Re]CpTR-COOH (A), [188Re]CpTR-Gly (B), 
and m-[125I]iodobenzoic acid (C). 
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border membrane vesicles (BBMVs) [9]. The 
biodistribution of radioactivity was compared 
after injection of Fab fragments conjugated with 
[188Re]CpTR-GK, [125I]HML or 
[188Re]CpTR-COOH (Figure 2-1) to estimate in 
vivo cleavage of the glycyl-lysine linkage in 
[188Re]CpTR-GK. The applicability of the 
molecular design of HML to metallic 
radionuclides was assessed and future application 
of the strategy will be discussed. 
 
Materials and methods 
Reagents and Chemicals. 188W was supplied as 
[188W]Na2WO4 in sodium hydroxide solution 
(17-29 MBq/mL) by the Japan Atomic Energy 
Agency (Tokai-Mura, Japan). 188Re was eluted 
from a 188W/188Re generator system prepared by 
the method of Callahan et al. [17, 18]. 
Reversed-phase HPLC (RP-HPLC) was 
performed with a Cosmosil 5C18-AR-300 column 
(4.6 x 150 mm, Nacalai Tesque, Kyoto, Japan) at 
a flow rate of 1 mL/min with a gradient mobile 
phase starting from 80% A (0.1% aqueous 
trifluoroacetic acid (TFA)) and 20% B 
(acetonitrile with 0.1% TFA) to 20% A and 80% 
B at 30 min (solvent system 1) or from 100% A 
(water) and 0% B (acetonitrile) to 0% A and 
100% B at 30 min (solvent system 2). 
Size-exclusion HPLC (SE-HPLC) was performed 
using a Cosmosil Diol-300 column (7.5 x 600 mm, 
Nacalai Tesque) eluted with 0.1 M phosphate 
buffer (pH 6.8) at a flow rate of 1 mL/min. Each 
eluent was collected with a fraction collector 
(RediFlac, GE healthcare bioscience, Tokyo, 
Japan) at 30-s intervals, and the radioactivity 
levels in each fraction (500 µL) were determined 
with an auto well gamma counter (ARC-380M, 
Aloka, Tokyo). TLC analyses were performed 
with silica plates (Silica gel 60 F254, Merck, 
Tokyo) developed with chloroform (solvent 
system 3) or 80% methanol (solvent system 4). 
188Re complexes were purified by SepPak plus 
cartridge (C18 short body, 360 mg/cartridge, 
Waters, Tokyo) activated with 6 mL each of 
ethanol and water prior to use. Proton nuclear 
magnetic resonance (1H-NMR) spectra were 
recorded on a JEOL JNM-ALPHA 400 
spectrometer (JEOL Ltd., Tokyo) with 
tetramethylsilane as an internal standard. 
FAB-MS was taken on a JEOL JMS-HX-110A 
mass spectrometer (JEOL Ltd., Tokyo). Elemental 
analyses were performed by PE-2400 (Perkin 
Elmer Japan, Tokyo). Two masses were reported 
for rhenium-containing fragments to indicate the 
significant isotopic abundances of both 185Re and 
187Re. Each peak was observed to have the proper 
relative abundances. The following compounds 
were prepared as described previously; 
[188Re]tricarbonyl(cyclopentadienyl- 
carbonate)rhenium ([188Re]CpTR-COOH), non- 
radioactive CpTR-COOH and [188Re]tricarbonyl- 
[(cyclopentadienylcarbonyl amino)-acetic acid]- 
rhenium ([188Re]CpTR-Gly) [16], N-methoxy- 
carbonylmaleimide (5) [19], 3-(tri-n-butyl- 
stannyl)hippuric acid, 3-iodohippuric acid and 
[125I]HML-Fab [20] and 3’-[125I]iodohippuryl 
Ne-tert-butoxycarbonyl-L-lysine ([125I]HL-Boc) 
[9]. Human carcinoembryonic antigen (CEA)- 
positive human gastric cancer strain (MKN-45) 
and a monoclonal antibody against CEA (1B2) 
were supplied by Immuno-Biological 
Laboratories Co. Ltd., (Takasaki, Japan). Other 
reagents were of reagent grade and used as 
received. 
Tumor and monoclonal antibody. CEA-positive 
human gastric cancer strain MKN-45 was 
transplanted into subcutaneously and pieces of 
tumor tissue (~0.5 g) were used for the in vivo 
study. The Fab fragment of monoclonal antibody 
against CEA (1B2) was prepared using a Fab 
preparation kit (ImmunoPure® IgG1 Fab and 
F(ab’)2 Preparation Kit, Pierce, Rockford, USA). 
Synthesis of Na-(tert-butoxycarbonyl)-glycyl- 
Ne-carbobenzoxy-L-lysine-tert-butyl ester (3). 
N-(tert-Butoxycarbonyl)-glycine (1) (2.8 g, 16.1 
mmol), Ne-carbobenzoxy-L-lysine-tert-butyl ester 
hydrochloride (2) (5.0 g, 13.4 mmol) and 
1-hydroxybenzotriazole (HOBt, 2.4 g, 16.1 
mmol) were dissolved in dimethylformamide 
(DMF, 80 mL). After cooling to 0˚C, 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC, 4.26 g, 22.5 mmol) and 
diisopropylethylamine (DIEA, 6.1 mL, 35.9 
mmol) in DMF (20 mL) was added dropwise to 
the solution and the reaction mixture was stirred 
for 4 h at 0˚C. After stirring overnight at room 
temperature, the solvent was removed in vacuo, 
and the residue was dissolved in ethyl acetate (20 
mL). The organic phase was washed with 1% 
H2SO4 (20 mL x 3), saturated NaCl solution (20 
mL x 3) and saturated NaHCO3 solution (20 mL x 
3), successively, and dried over anhydrous CaSO4. 
After removing the solvent, the residue was 
purified with silica gel chromatography using a 
mixture of chloroform and methanol (9:1) as an 
eluent to produce compound 3 (4.7 g, 71.2%) as a 
colorless oil. 1H-NMR (CDCl3): d 1.25-1.81 (6H, 
m, (CH2)3), 1.40-1.43 (9H, s, Boc), 1.40-1.43 (9H, 
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s, tert-butyl), 3.14 (2H, t, CH2), 3.75 (2H, d, CH2), 
4.37 (1H, q, CH), 4.93 (1H, s, NH), 5.07 (2H, s, 
CH2), 5.14 (1H, s, NH), 6.58 (1H, s, NH), 
7.22-7.33 (5H, m, phenyl); FAB-MS (M+H)+ : 
m/z 494, Found: 494. 
Synthesis of Na-(tert-butoxycarbonyl)-glycyl- 
L-lysine-tert-butyl ester (4). Compound 3 (4.7 g, 
9.6 mmol) and 10% Pd on activated carbon (0.9 
g) in 13% aqueous methanol was stirred under a 
hydrogen atmosphere for 2 h. The catalyst was 
removed by filtration, and the filtrate was 
evaporated in vacuo to provide compound 4 (3.1 
g, 90%) as a colorless oil. 1H-NMR (CD3OD): d 
1.33-1.95 (6H, m, (CH2)3), 1.48-1.49 (9H, s, Boc), 
1.48-1.49 (9H, s, tert-butyl), 2.94 (2H, t, CH2), 
3.77 (2H, d, CH2), 4.35 (1H, s, CH); FAB-MS 
(M+H)+: m/z 360, Found: 360. 
Synthesis of Na-(tert-butoxycarbonyl)-glycyl- 
Ne-maleoyl-L-lysine-tert-butyl ester (6). 
Compound 6 was synthesized according to the 
procedure described previously with slight 
modifications [19]. To a solution of compound 4 
(1.37 g, 3.8 mmol) in saturated NaHCO3 (18.8 
mL) was added a solution of compound 5 (0.71 g, 
4.6 mmol) dissolved in tetrahydrofuran (37.6 mL) 
at 0 ˚C, and the reaction mixture was stirred for 2 
h while the pH was maintained at 8.7 by the 
addition of 2 N NaOH. After acidifying to pH 3-4 
with conc. H2SO4, crude compound 6 was 
extracted with ethyl acetate (20 mL x 3) and dried 
over anhydrous CaSO4. After removing the 
solvent in vacuo, the residue was purified with 
silica gel chromatography using a mixture of 
chloroform and methanol (99:1) as an eluent to 
produce compound 6 (1.05 g, 61.7%) as a 
colorless oil. 1H-NMR (CDCl3): d 1.18-1.76 (6H, 
m, (CH2)3), 1.36-1.40 (9H, s, Boc), 1.36-1.40 (9H, 
s, tert-butyl), 3.40 (2H, t, CH2), 3.73 (2H, d, CH2), 
4.37 (1H, q, CH), 5.34 (1H, s, NH), 6.62 (2H, s, 
maleimide), 6.69 (1H, s, NH); FAB-MS (M+H)+: 
m/z 440, Found: 440. 
Synthesis of glycyl-Ne-maleoyl-L-lysine-tert- 
butyl ester hydrochloride (7). Compound 7 was 
synthesized according to the procedure of 
Kinoshita et al.[21] with slight modifications. 
Compound 6 (180 mg, 0.68 mmol) and anisole 
(0.5 mL) was dissolved in HCOOH (8.5 mL) and 
ether (1.0 mL) at 0 ˚C. After stirring at 15-17 ˚C 
for 3 h, the solvent was evaporated in vacuo. The 
residue was purified with reversed phase 
chromatography using a mixture of acetonitrile 
containing 0.01% HCl and water containing 
0.01% HCl (20:80) as an eluent. The combined 
fractions were lyophilized to produce compound 7 
(30 mg, 16.7%) as a white solid. 1H-NMR 
(CD3OD): d 1.37-1.76 (6H, m, (CH2)3), 1.36-1.50 
(9H, s, tert-butyl), 3.54 (2H, t, CH2), 3.77 (2H, d, 
CH2), 4.34 (1H, q, CH), 6.85 (2H, s, maleimide); 
FAB-MS (M+H)+: m/z 340, Found: 340. 
Synthesis of tricarbonyl(cyclopentadienyl- 
carbonyl glycyl-Ne-maleoyl-L-lysine-tert-butyl 
ester)rhenium (8). CpTR-COOH (189.4 mg, 0.5 
mmol), compound 7 (250 mg, 0.65 mmol) and 
HOBt (101.1 mg, 0.75 mmol) were dissolved in 
DMF (5 mL) at 0 ˚C, and a solution of EDC 
(118.8 mg, 0.62 mmol) in DMF (1 mL) and DIEA 
(217 µL, 1.27 mmol) were successively added to 
the solution. The reaction mixture was stirred for 
4 h at 0 ˚C and overnight at room temperature. 
After removing the solvent in vacuo, the residue 
was dissolved in ethyl acetate (20 mL) and the 
organic layer was successively washed with 1% 
H2SO4 (20 mL x 3), saturated NaCl (20 mL x 3), 
and saturated NaHCO3 (20 mL x 3). After drying 
over anhydrous CaSO4, the solvent was 
evaporated in vacuo and the residue was purified 
by silica gel chromatography using a mixture of 
ethyl acetate:hexane (3:1) as an eluent to produce 
compound 8 (40 mg, 11.4%) as a colorless oil. 
1H-NMR (CDCl3): d 1.21-1.82 (6H, m, (CH2)3), 
1.43 (9H, s, tert-butyl), 3.46-3.50 (2H, t, CH2), 
4.00 (2H, d, CH2), 4.37-4.40 (1H, q, CH), 
5.33-6.00 (4H, t, Cp), 6.67 (2H, s, maleimide), 
6.77 (1H, d, NH), 7.30 (1H, t, NH); FAB-MS 
(M+H)+: m/z 700/702, Found: 700/702. 
Synthesis of tricarbonyl(cyclopentadienyl- 
carbonyl glycyl-Ne-maleoyl-L-lysine)rhenium 
(CpTR-GK). Compound 8 (10 mg, 14.3 µmol) 
and anisole (25 µL) were dissolved in TFA (475 
µL) and the mixture was stirred for 1 h. After 
removing the solvent with a stream of N2 gas, the 
residue was purified by RP-HPLC using solvent 
system 2 to produce CpTR-GK (4.6 mg, 50%). 
1H-NMR (CD3OD): d 1.21-1.82 (6H, m, (CH2)3), 
3.46-3.50 (2H, t, CH2), 4.15 (2H, d, CH2), 4.46 
(1H, q, CH), 5.37-6.08 (4H, t, Cp), 6.67 (2H, s, 
maleimide), 7.56 (1H, t, NH); FAB-MS (M+H)+: 
m/z 644/646. Found: 644/646. Anal. 
(C21H21N3O9Re): C, H, N. 
Synthesis of carbobenzoxy-glycyl-Ne-tert- 
butoxycarbonyl-L-Lysine methyl ester (11). 
Carbobenzoxy-glycine (9) (84 mg, 0.40 mmol), 
Ne-tert-butoxycarbonyl-L-Lysine methyl ester 
hydrochloride (10) (100 mg, 0.34 mmol) and 
HOBt (54 mg, 0.40 mmol) were dissolved in 
DMF (5 mL) and cooled to -5 ˚C. A solution of 
EDC (77 mg, 0.40 mmol) in DMF ( 0.5 mL) and 
triethylamine (TEA; 56 µL, 0.40 mmol) were 
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added to the solution, and the mixture was stirred 
for 3 h on ice. After stirring for an additional 6 h 
at room temperature, the solvent was removed in 
vacuo. The residue was resolved in chloroform (5 
mL), and the organic phase was successively 
washed with 1% citric acid (5 mL x 3) and 
saturated NaHCO3 (5 mL x 3), and was dried over 
anhydrous CaSO4. After removing the solvent in 
vacuo, compound 11 was obtained as white solid 
(141 mg, 89.1%). 1H-NMR (CDCl3): d  1.12-1.83 
(15H, overlapped, Boc, (CH2)3), 3.06 (2H, d, 
CH2), 3.71 (3H, s, OCH3), 3.91 (2H, d, CH2), 4.59 
(1H, d, CH), 4.77 (1H, s, NH), 5.12 (2H, s, CH2), 
5.76 (1H, s, NH), 6.88 (1H, s, NH), 7.31 (5H, 
multi, aromatic); FAB-MS (M+H)+: m/z 452, 
Found: 452. 
Synthesis of tricarbonyl(cyclopentadienyl- 
carbonyl glycyl-Ne-tert-butoxycarbonyl-L- 
lysine-methyl ester)rhenium (13). Compound 11 
(67.7 mg, 150 mmol) and 10% Pd on activated 
carbon (0.9 g) was dissolved in 5% aqueous 
methanol (2 mL), and the mixture was stirred 
under a hydrogen atmosphere for 12 h. The 
catalyst was removed by filtration, and the filtrate 
was evaporated in vacuo to produce crude 
compound 12.  
  A mixture of crude compound 12 (47.6 mg, 150 
mmol), CpTR-COOH (68.3 mg, 180 mmol) and 
HOBt (24.3 mg, 180 mmol) was dissolved in 
DMF (5 mL), and the mixture was cooled to –5 
˚C. A solution of EDC (48.3 mg, 0.25 mmol) in 
DMF (0.5 mL) and TEA (35 µL, 0.25 mmol) were 
added to the solution before reaction mixture was 
stirred for 3 h on ice. After stirring for an 
additional 6 h at room temperature, the solvent 
was removed in vacuo. The residue dissolved in 
chloroform (5 mL) was successively washed with 
1% H2SO4 (5 mL x 3) and saturated NaHCO3 (5 
mL x 3) and dried over anhydrous CaSO4. After 
removing the solvent in vacuo, compound 13 was 
obtained as a white solid (53 mg, 53.5%). 
1H-NMR (CDCl3) d: 1.29-1.82 (15H, Boc, 
(CH2)3), 3.01 (2H, d, CH2), 3.66 (3H, s, OCH3), 
3.96 (2H, d, CH2), 4.46 (1H, d, CH), 4.77 (1H, s, 
NH), 5.32-5.99 (4H, t, Cp), 7.10 (1H, s, NH), 7.61 
(1H, s, NH); FAB-MS (M+H)+: m/z 678/680, 
Found 678/680. 
Synthesis of tricarbonyl(cyclopentadienyl 
carbonyl glycyl-Ne-tert-butoxycarbonyl-L- 
lysine)-rhenium (CpTR-GK-Boc). A solution of 
2 N NaOH (600 µL) was added dropwise to a 
solution of compound 13 (53 mg, 14.7 µmol) in 
dioxane (300 µL). After standing for 30 min at 
room temperature, the pH of the solution was 
adjusted to 3 by 5.6 N H2SO4 (about 240 µL). The 
reaction mixture was loaded onto SepPak plus 
cartridge, and the cartridge was washed with 
water (5 mL) and eluted with acetonitrile (3 mL). 
The first elution acetonitrile fraction (100 µL) 
was discarded, and the combined eluents were 
evaporated in vacuo to provide CpTR-GK-Boc as 
a white solid (51.5 mg, 57.1%). 1H-NMR 
(CD3OD) d: 1.44-1.90 (15H, Boc, (CH2)3), 3.04 
(2H, t, CH2), 3.85 (2H, d, CH2), 4.42 (1H, d, CH), 
5.60-6.12 (4H, t, Cp); FAB-MS (M+Na)+: m/z 
686/688, Found 686/688, Anal: (C22H28N3O9Re): 
C, H, N. 
Radiosynthesis of [188Re]tricarbonyl(cyclo- 
pentadienylcarbonyl glycyl-Ne-maleoyl-L- 
lysine-tert-butyl ester) rhenium 
([188Re]compound 8). A mixture of 
[188Re]CpTR-COOH, HOBt (2.0 mg, 14.8 µmol) 
and EDC (2.0 mg, 10.2 µmol) in dichloromethane 
(200 µL) was stirred for 5 min. The solvent was 
then removed in vacuo, and the residue dissolved 
in DMF (150 µL) was added to a mixture of 
compound 7 (1.5 mg, 4.0 µmol) and DIEA (0.17 
µL, 1.0 µmol) in DMF (50 µL). After standing for 
20 min, acetic acid (100 µL) was added dropwise 
to the solution, and the pH was adjusted to 6.5-7.5 
with saturated NaHCO3. After standing for 10 min, 
the reaction mixture was loaded onto a SepPak 
plus cartridge. The cartridge was successively 
washed with 0.01 M phosphate buffer (pH 8.0, 5 
mL), 0.01 M phosphate buffer (pH 6.0, 5 mL), 
and water (5 mL) before the product was eluted 
with acetonitrile (3 mL). The first elution 
acetonitrile fraction (100 µL) was discarded, and 
the combined eluents were evaporated in vacuo to 
produce [188Re]compound 8 in radiochemical 
yield and purity of 54% and over 95%. 
Radiosynthesis of [188Re]tricarbonyl(cyclo- 
pentadienylcarbonyl glycyl-Ne-maleoyl-L- 
lysine)rhenium ([188Re]CpTR-GK). [188Re]- 
compound 8 and anisole (10 µL) were dissolved 
in TFA (190 µL). After standing for 10 min, the 
solvent was removed by a stream of N2 gas. The 
residue was dissolved in 0.1 M phosphate buffer 
(pH 6.5, 100 µL) and subjected to RP-HPLC 
purification (solvent system 2) to produce 
[188Re]CpTR-GK in radiochemical yield and 
purity of 73% and over 95%. 
Radiosynthesis of [188Re]tricarbonyl(cyclo- 
pentadienylcarbonyl glycyl-Ne-tert-butoxy- 
carbonyl-L-lysine)rhenium ([188Re]CpTR-GK- 
Boc). To a solution of [188Re]CpTR-COOH in 
dichloromethane (200 µL) was added HOBt (1.0 
mg, 14.8 µmol) and DCC (1.0 mg, 4.8 µmol). 
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After standing for 5 min, the solvent was removed 
in vacuo, and the residue was added to a solution 
of compound 12 (1 mg, 3.2 µmol) in DMF (200 
µL). After standing for 20 min, a solution of 2 N 
NaOH (600 µL) was added dropwise to the 
solution and the reaction mixture was kept for 10 
min. A solution of 5.6 N H2SO4 (240 µL) was 
added to the solution before the solution was 
loaded onto a SepPak plus cartridge. The 
cartridge was washed with water (5 mL) and 
eluted with acetonitrile (3 mL). The first elution 
acetonitrile fraction (100 µL) was discarded, and 
the combined eluents were evaporated in vacuo to 
produce [188Re]CpTR-GK-Boc in radiochemical 
yield and purity of 92% and over 95%. 
Preparation of 188Re-labeled Fab fragments. A 
solution of Fab (200 µL, 2 mg/mL) in well- 
degassed 0.16 M borate buffer (pH 8.0) 
containing 2 mM EDTA was allowed to react with 
7.2 µL of 2-iminothiolane (2-IT) solution (1 
mg/mL) prepared in the same buffer. After gentle 
agitation of the reaction mixture for 30 min at 
room temperature, excess 2-IT was removed by a 
centrifuged column procedure using Sephadex 
G-50 equilibrated and eluted with 0.1 M 
phosphate buffer (pH 6.5) containing 2 mM 
EDTA. Aliquots of this mixture were sampled to 
estimate the number of thiol groups with 
2.2’-dipyridiyl disulfide [22]. The filtrate (100 
µL) was then added to a reaction vial containing 
freshly prepared [188Re]CpTR-GK. After gentle 
agitation of the reaction mixture for 1.5 h at room 
temperature, 14.8 µL of iodoacetamide (10 
mg/mL) in 0.1 M phosphate buffer (pH 6.5) were 
added. The reaction mixture was further incubated 
for 30 min to alkylate the unreacted thiol groups. 
[188Re]CpTR-GK-Fab was subsequently purified 
by the centrifuged column procedure, equilibrated, 
and eluted with 0.5 M acetate buffer (pH 6.0). 
[188Re]CpTR-GK-Fab was diluted with saline 
prior to the animal study. 
  [188Re]CpTR-COOH was also conjugated to 
Fab fragment according to the procedure of 
Spraudau et al. [23] with slight modification as 
follows. N-Hydroxysuccinimide (1.0 mg) and 
DCC (1.0 mg) were added successively to a 
solution of [188Re]CpTR-COOH in dichloro- 
methane (200 µL), and the reaction mixture was 
stirred for 5 min. After purification by RP-HPLC 
(solvent system 2), the solvent was removed in 
vacuo, and the residues were dissolved in DMF 
(10 µL). This solution was then added to a 
solution of Fab fragment (2 mg/mL, 100 µL) in 
0.16 M borate buffer pH 8.0. After gentle 
agitation of the reaction mixture for 2 h at 4 ˚C, 
[188Re]CpTR-Fab was obtained by the centrifuged 
column procedure, as described above. 
Radiochemical purities of radiolabeled Fab 
fragments were also analyzed by SE-HPLC. 
Preparation of brush border membrane 
vesicles (BBMVs). BBMVs were isolated from 
the renal cortex of male Wistar rats according to 
the Mg/EGTA precipitation method reported 
previously [9]. For incubation studies, the vesicles 
were diluted with 0.1 M phosphate buffer (pH 
7.0) to give the final protein concentration of 10 
mg/mL. The g-glutamyltransferase and amino- 
peptidase activities on BBMVs were 5.69 
µmol/mg protein/min and 639 nmol/mg 
protein/min, respectively when determined using 
L-g-glutamyl-p-nitroanilide [22] and L-leucine- 
p-nitroanilide as substrates [24]. The 
b-galactosidase activity on BBMVs was not 
detected when determined using p-nitrophenyl- 
b-D-galactopyranoside as a substrate [25], 
indicating that BBMVs were free from 
cross-contamination by lysosomal enzymes. 
In Vitro Studies. A solution of BBMVs (20 µL) 
was pre-incubated for 2 h at 4˚C, followed by the 
addition of [125I]HL-Boc or [188Re]CpTR-GK-Boc 
(20 µL) in 0.1 M phosphate buffer (pH 7.0). After 
incubation for 3 h at 37˚C, samples were taken 
from the solution and analyzed by RP-HPLC 
(solvent system 1 or 2) after ultrafiltration 
through a 10 kDa cutoff membrane (Microcon-10, 
Millipore, Tokyo). Similar studies were 
performed in the presence of an activator (Co2+) 
or an inhibitor (DL-2-mercaptomethyl-3- 
guanidineethylthiopropanoic acid: MGTA) for 
brush border enzymes [26, 27] at a final 
concentration of 1 mM, as reported previously 
[9].  
Biodistribution of radiolabeled Fab fragments. 
The biodistribution of radioactivity after 
intravenous administration of [188Re]CpTR-GK- 
Fab, [188Re]CpTR-Fab or [125I]HML-Fab (0.3 µCi, 
100 µL) to 6-week-old mice was determined at 10 
and 30 min, 1, 3, and 6 h postinjection. Groups of 
3-4 mice, each receiving 20 µg of Fab fragments, 
were used for the experiments. Organs of interest 
were removed and weighed, and the radioactivity 
counts were determined with an auto well gamma 
counter. Urine and feces were colleted for 6 h 
postinjection, and the radioactivity counts were 
also determined. The radiolabeled species 
excreted in the urine for 6 h postinjection of 
[188Re]CpTR-GK-Fab were analyzed by SE- 
HPLC after filtration through a polycarbonate 
-86- 
membrane with a pore diameter of 0.45 µm 
(Cosmonice Filter, Nacalai Tesque) and RP- 
HPLC (solvent system 1) after filtration through a 
10 kDa cutoff ultrafiltration membrane 
(Microcon-10, Millipore). 
  Athymic mice bearing an MKN-45 tumor were 
also treated intravenously with 100 µL of 
[188Re]CpTR-GK-Fab, [188Re]CpTR-Fab or 
[125I]HML-Fab, prepared as described above. The 
animals were sacrificed at 3 h postinjection (6-7 
mice). Organs of interest were removed and 
weighed, and the radioactivity counts in each 
tissue were determined. 
Statistical Analysis. Data are expressed as the 
means ± SD where appropriate. Results were 
statistically analyzed using the unpaired Student’s 
t-test. Differences were considered statistically 
significant when p was < 0.05. 
 
Results 
Preparation of [188Re]CpTR derivatives and its 
Fab Conjugates. [188Re]CpTR-GK was 
synthesized according to the procedure outlined in 
Scheme 2-1. A key intermediate compound 
(compound 7) was prepared by selective 
deprotection of Na-Boc group in compound 6 by 
HCOOH [21]. [188Re]CpTR-GK was obtained by 
the reaction of [188Re]CpTR-COOH with 
compound 7. The low molecular weight model 
substrate, [188Re]CpTR-GK-Boc, was synthesized 
by the reaction of compound 12 with 
[188Re]CpTR-COOH, followed by the hydrolysis 
of methyl ester, as outlined in Scheme 2-2. 
Similar synthetic procedures were employed for 
the preparation of non-radioactive rhenium 
compounds.  
  The treatment of Fab fragments with 2-IT 
introduced 2 thiol groups per molecule of Fab, as 
determined by 2,2’-dipyridyl disulfide. The 
conjugation of [188Re]CpTR-GK with Fab 
fragments was performed by reacting the thiolated 
Fab fragments with maleimide groups of 
[188Re]CpTR-GK. After purification by 
centrifuged column procedure, [188Re]CpTR-GK- 
Fab was obtained with a radiochemical yield and 
purity of 21% and over 95%, as determined by 
TLC (solvent system 4). [188Re]CpTR-Fab was 
prepared by the active ester method with a 
radiochemical yield and purity of 31% and over 
95%, as determined by TLC (solvent system 4). 
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The three radiolabeled Fab fragments showed 
SE-HPLC retention times similar to that of 
unmodified Fab fragment (19.5 min) as 
determined by the UV (280 nm) trace (Figure 
2-2).  
Reactivities of [188Re]CpTR-GK-Boc with 
Enzymes on BBMVs. Figure 2-3 shows the 
percentage of radioactivity in the fraction of 
CpTR-Gly or m-iodohippuric acid after 
incubation of [188Re]CpTR-GK-Boc or [125I]HL- 
Boc with BBMVs at 37˚C for 3 h, respectively. 
The rate of [188Re]CpTR-Gly release from 
[188Re]CpTR-GK-Boc was significantly (p<0.05) 
slower than that of [125I]m-iodohippuric acid from 
[125I]HL-Boc. The rate of [188Re]CpTR-Gly 
release significantly (p<0.05) increased when 
[188Re]CpTR-GK-Boc was incubated with 
BBMVs in the presence of Co2+, whereas the 
[188Re]CpTR-Gly release was almost completely 
inhibited in the presence of MGTA.  
Biodistribution Studies. The biodistribution of 
radioactivity after simultaneous injection of 
[188Re]CpTR-GK-Fab and [125I]HML-Fab, or 
[188Re]CpTR-Fab and [125I]HML-Fab to normal 
mice is summarized in Table 2-1. The 
biodistribution of [125I]HML-Fab was expressed 
as a mean of the two studies. No significant 
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Figure 2-2. Radiochromatograms of (A) 
[188Re]CpTR-GK-Fab, (B) [188Re]CpTR-Fab and 
(C) [125I]HML-Fab by size0exclusion HPLC. The 
three radiolabeled Fab fragments showed 
size-exclusion HPLC retention times similar to that 
of unmodified Fab fragment (19.5 min) as 
determined by the UV (280 nm) trace. 
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Figure 2-3. The amount of [188Re]CpTR-Gly or 
m-[125I]iodohippuric acid liberated from 
[188Re]CpTR-GK-Boc or [125I]HL-Boc after 
incubation with BBMVs for 3 h at 37˚C. 
[188Re]CpTR-GK-Boc was also incubated with 
BBMVs for 3 h at 37˚C in the presence of Co2+ or 
MGTA. Significances were determined by 
unpaired Student’s t-test (*: p < 0.05 compared to 
[188Re]CpTR-GK-Boc). 
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differences were observed in the radioactivity 
levels in the blood between the three radiolabeled 
Fab fragments up to 3 h postinjection. However, 
significant differences were observed in renal 
radioactivity levels between the two 188Re-labeled 
Fab fragments. Although [188Re]CpTR-Fab 
showed high radioactivity levels in the kidney and 
reached its peak at 30 min (41.69% ID/g), 
[188Re]CpTR-GK-Fab showed significantly lower 
renal radioactivity levels at all postinjection time 
points examined. However, [188Re]CpTR-GK-Fab 
showed higher renal radioactivity levels when 
compared with [125I]HML-Fab at all postinjection 
intervals. The kidney to blood ratios of 
radioactivity of the three radiolabeled Fab 
fragments are summarized in Figure 2-4. 
[188Re]CpTR-Fab showed the highest 
kidney-to-blood ratios of radioactivity, reaching a 
peaked ratio of 7.1 at 3 h postinjection. In contrast, 
[188Re]CpTR-GK-Fab and [125I]HML-Fab 
exhibited almost constant radioactivity ratios of 
about 1.6 and 1 from 10 min to 6 h postinjection. 
  Figure 2-5 shows the radiochromatograms of 
urine samples collected for 6 h postinjection of 
Table 2-1. Biodistribution of radioactivity in mice  after injections of [188Re]CpTR-GK-Fab, 
[188Re]CpTR-Fab and [125I]HML-Faba 
 Time after injection 
 10 min 30 min 1 h 3 h 6 h 
 [188Re]CpTR-GK-Fab 
Blood 23.93 (3.32) 11.31 (0.42) 6.43 (0.61) 3.26 (0.38) 1.66 (0.14) 
Liver 5.79 (0.06) 4.05 (0.52) 3.46 (0.22) 2.05 (0.59) 1.29 (0.14) 
Kidney 16.30 (1.01) 12.16 (1.06) 8.62 (0.32) 5.05 (0.47) 2.47 (0.38) 
Intestine 0.77 (0.07) 0.97 (0.08) 1.09 (0.14) 1.16 (0.19) 0.76 (0.10) 
Stomach b 0.44 (0.08) 0.51 (0.09) 0.57 (0.09) 0.63 (0.36) 0.35 (0.07) 
Urine b     45.33 (2.29) 
Feces b     2.01 (0.52) 
 [188Re]CpTR-Fab 
Blood 23.80 (2.33) 13.44 (1.97) 6.22 (1.53) 2.65 (0.29) 1.03 (0.17)* 
Liver 6.23 (1.13) 4.08 (0.54) 2.92 (1.53) 2.31 (0.23) 1.27 (0.22) 
Kidney 27.59 (6.45)* 41.69 (7.16)* 33.86 (0.81)* 18.54 (1.66)* 5.89 (0.89)* 
Intestine 1.13 (0.19) 1.35 (0.21)* 1.40 (0.18) 1.99 (0.26)* 0.92 (0.18) 
Stomach b 0.30 (0.07) 0.46 (0.10) 0.62 (0.07) 0.54 (0.12) 0.29 (0.09) 
Urine b     44.05 (5.60) 
Feces b     4.49 (1.40) 
 [125I]HML-Fab 
Blood 22.76 (2.63) 11.34 (0.85) 7.47 (0.71) 3.35 (0.73) 1.69 (0.17) 
Liver 5.42 (0.36) 2.47 (0.22)* 1.66 (0.21)* 0.64 (0.08)* 0.47 (0.11)* 
Kidney 14.87 (1.69)* 9.86 (1.02)* 6.46 (1.24)* 2.68 (0.93)* 1.72 (0.07)* 
Intestine 0.88 (0.23) 1.04 (0.11) 1.10 (0.12) 0.65 (0.13)* 0.23 (0.03)* 
Stomach b 0.43 (0.04) 0.49 (0.05) 0.43 (0.07) 0.41 (0.06) 0.27 (0.08) 
Urine b     55.45 (8.27) 
Feces b     2.57 (1.44) 
a Tissue radioactivity is expressed as % ID/g [for each group, n = 3-4; results are expressed as 
the mean (SD). 
b Expressed as %ID 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 compared to [188Re]CpTR- 
GK-Fab. 
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Figure 2-4. Comparison of the kidney-to-blood 
ratios of radioactivity after injection of 
[188Re]CpTR-GK-Fab (circle), [188Re]CpTR-Fab 
(triangle) and [125I]HML-Fab (square) to normal 
mice. Significances were determined by unpaired 
Student’s t-test (*: p< 0.05 compared to 
[188Re]CpTR-GK-Fab). 
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Figure 2-5. Radiochromatograms of urine sample 
collected for 6 h postinjection of 
[188Re]CpTR-GK-Fab (A) by size-exclusion HPLC 
after filtration through a 0.45 µm polycarbonate 
membrane and (B) by reversed-phase HPLC after 
filtration through a 10 kDa cutoff membrane. 
-89- 
[188Re]CpTR-GK-Fab when analyzed by 
SE-HPLC (Figure 2-5A) and RP-HPLC (Figure 
2-5B). On SE-HPLC, 73% of the radioactivity 
was observed in the low molecular weight 
fractions with over 20% being eluted in fractions 
similar to those of intact [188Re]CpTR-GK-Fab. 
On RP-HPLC, 72% of radioactivity in the low 
molecular weight fractions of the urine samples 
was observed with a retention time of 10.5 min, 
identical to that of CpTR-Gly. 
  The biodistribution of radioactivity after the 
administration of [188Re]CpTR-GK-Fab, 
[188Re]CpTR-Fab or [125I]HML-Fab in nude mice 
bearing an MKN-45 tumor is summarized in 
Figure 2-6. No significant differences were 
observed in the radioactivity levels in the tumor 
and blood among the three radiolabeled 
antibodies. However, [188Re]CpTR-GK-Fab 
registered significantly lower radioactivity level 
in the kidney than did [188Re]CpTR-Fab. 
[188Re]CpTR-GK-Fab also showed renal 
radioactivity slightly higher than did 
[125I]HML-Fab.  
 
Discussion 
  Our prior studies of the stability of 
metabolizable ester bonds in radiolabeled 
antibodies showed the involvement of many 
parameters that affect esterase-mediated 
hydrolysis of the chemical bonds. These include 
chemical structures of linkages and radiolabels 
attached to ester bonds, distance between an ester 
bond and an antibody molecule, and molecular 
size of antibody molecules [28, 29]. These 
parameters may also be involved in cleaving a 
glycyl-lysine linkage by enzymes on renal brush 
border membrane. Indeed, Li et al. documented 
an importance of the nature of chemical linkage 
from the antibody fragment to the lysine group in 
cleaving the glycyl-lysine linkage [14]. Since the 
application of the molecular design of HML to 
metallic radionuclides should accompany a 
significant change in chemical structure of 
radiolabels, m-iodobenzene in HML or HL-Boc 
was replaced with CpTR to prepare CpTR-GK or 
CpTR-GK-Boc, respectively (Figure 2-1). The 
effect of a change in a radiolabel on brush border 
enzyme-mediated hydrolysis rate and renal 
radioactivity levels was estimated.  
  The significantly slower rate of [188Re]CpTR- 
Gly release from [188Re]CpTR-GK- Boc than that 
of m-[125I]iodohippuric acid from [125I]HL-Boc 
indicated that the change in a radiolabel from 
m-iodobenzene to CpTR significantly impaired 
recognition and cleavage of the glycyl-lysine 
linkage by enzymes on BBMVs (Figure 2-3). In 
addition, while the glycyl-lysine linkage in 
HL-Boc was cleaved by both metalloenzymes and 
non-metalloenzymes [9], the peptide linkage in 
CpTR-GK-Boc was predominantly cleaved by 
metalloenzymes, as indicated by the facilitated 
[188Re]CpTR-Gly release by the addition of an 
activator for metalloenzymes (Co2+) and almost 
complete inhibition of [188Re]CpTR-Gly release 
by the addition of an inhibitor for metalloenzymes, 
MGTA (Figure 2-3). These results indicate that a 
change in the size and the shape of a radiolabel 
attached to a glycyl-lysine linkage significantly 
affected enzymes involved in the hydrolysis 
reaction.  
  In biodistribution studies, the three radiolabeled 
Fab fragments exhibited similar radioactivity 
levels in the blood from 10 min to 3 h, indicating 
that similar radioactive portions of the three 
radiolabeled Fab fragments would be filtered 
through the glomerulus and transported to the 
proximal tubules of the kidney during these 
intervals (Table 2-1). However, significant 
differences were observed in renal radioactivity 
levels between [188Re]CpTR-GK-Fab and 
[188Re]CpTR-Fab. This was more clearly 
demonstrated when the kidney-to-blood ratios of 
radioactivity were compared (Figure 2-4). In 
addition, [188Re]CpTR-Gly was excreted as the 
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Figure 2-6. Radioactivity levels in the tumor, blood and kidney at 3 h postinjection of [188Re]CpTR-GK-Fab 
(solid bar), [188Re]CpTR-Fab (open bar) and [125I]HML-Fab (stripe bar) into nude mice bearing MKN-45 tumor. 
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major radiometabolite in the urine following 
injection of [188Re]CpTR-GK-Fab (Figure 2-5). 
These studies along with the in vitro studies 
indicate that the low renal radioactivity levels by 
[188Re]CpTR-GK-Fab would be attributable to a 
release of [188Re]CpTR-Gly by the action of 
enzymes on renal brush border membrane.  
  Since in vivo behaviors of [188Re]CpTR-Gly are 
similar to those of m-[125I]iodohippuric acid [16], 
the different renal radioactivity levels between the 
simultaneously administered [188Re]CpTR-GK- 
Fab and [125I]HML-Fab would reflect in vivo 
cleavage of the glycyl-lysine linkage of the two 
radiolabeled Fab fragments by enzymes on renal 
brush border membrane. As expected from the in 
vitro studies using BBMVs, 
[188Re]CpTR-GK-Fab showed higher renal 
radioactivity levels than did [125I]HML-Fab. 
However, the differences in the renal radioactivity 
levels of the two radiolabeled Fab fragments were 
smaller than those expected from the in vitro 
studies. The differences in densities of the 
enzymes between the two experiments might 
account for the discrepancy. The glycyl-lysine 
linkage in [188Re]CpTR-GK- Fab might gain 
access to enzymes on brush border enzymes 
during the internalization process of the 
antibodies into renal cells, which may have 
facilitated the cleavage of the linkage in vivo.  
The ability of [188Re]CpTR-GK to reduce the 
renal radioactivity levels without impairing the 
radioactivity levels in the tumor was 
demonstrated in biodistribution study in nude 
mice model (Figure 2-6). [188Re]CpTR-GK-Fab 
exhibited radioactivity levels in the blood and 
tumor similar to those of [188Re]CpTR-Fab and 
[125I]HML-Fab, indicating that the three 
radiolabeled Fab fragments possessed similar 
binding affinities to tumor cells in vivo. However, 
the renal radioactivity levels of 
[188Re]CpTR-GK-Fab was significantly lower 
than those of [188Re]CpTR-Fab. These findings 
suggest that [188Re]CpTR-GK may constitute a 
useful radiolabeling agent for antibody fragments 
if a new chemistry to prepare [188Re]CpTR-GK in 
high yields with easier procedure can be 
developed.  
  In conclusion, the findings in this study 
indicate that the molecular design of HML can be 
applicable to metallic radionuclides by using a 
radiometal chelate of high inertness and designing 
a radiometabolite of high urinary excretion 
following cleavage of a glycyl-lysine linkage. 
This study also indicates that a change in 
chemical structure of a radiolabel attached to a 
glycyl-lysine linkage significantly affected 
enzymes responsible for the hydrolysis reaction. 
There are many kinds of enzymes on renal brush 
border membranes and they recognize and cleave 
a variety of peptide linkages. The key concept of 
HML is to liberate a designed radiometabolite of 
urinary excretion from covalently conjugated 
antibody fragments or peptides by the action of 
enzymes present on lumen of renal tubules. Thus, 
the peptide linkage should be optimized to a 
radiometal chelate of interest so that a designed 
radiometabolite of urinary excretion can rapidly 
and selectively be released from antibody 
molecules by the action of enzymes on renal 
brush border membrane. The in vitro system using 
renal brush border membrane vesicles might be 
useful to select an appropriate peptide linkage 
from a variety of candidates. 
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Chapter 3. 
 Assessment of 186Re chelate-conjugated bisphosphonate for the development of 
new radiopharmaceuticals for bone  
 
Introduction 
  Metastatic involvement of the skeleton is the 
common in patients with breast and prostate 
carcinomas [1, 2]. Bone metastases need 
palliative treatment of pain, which significantly 
impairs quality of life of the patients [3]. 
Although localized radiation therapy is an 
effective modality in the treatment of bone pain 
[4], radionuclide therapy using specifically 
localized internal beta emitter is preferable in 
patients with multiple sites of metastases.  
  Rhenium-186 (186Re) is one of the useful 
radionuclides for internal radiotherapy, due to an 
emission of a beta particle with a maximum 
energy of 1.07 MeV and its appropriate half-life 
(90.6 h). Besides its preferable nuclear properties, 
similar chemical properties between technetium 
and rhenium facilitated the development of 186Re 
complex of 1-hydroxyethylidene-1,1-di-phospho- 
nate (HEDP, Figure 3-1A) [5-7]. Some clinical 
studies demonstrated that 186Re-HEDP is effective 
palliative for the treatment of the intense pain 
associated with metastatic bone cancer [6, 8-10]. 
However, prior studies indicated that 186Re-HEDP 
showed a delay in blood clearance, due to in vivo 
breakdown of 186Re-HEDP to 186ReO4-, which 
causes unnecessary radiation to bone marrow 
[11-13].  
  To improve the problems associated with 
186Re-HEDP, we have recently developed 
186Re-labeled bisphosphonate (BP) compounds 
based on the notion of bifunctional 
radiopharmaceutical [14-16]. In this design, a 
stable 186Re chelate of monoaminemonoamide- 
dithiol (MAMA) or mercaptoacetyltriglycine 
(MAG3) was conjugated to an amine residue of 
4-amino-1-hydroxybutylidine-1,1-bisphosphonate 
(HBP) so that 186Re remains stable in vivo and 
that a whole BP molecule is available for bone 
binding. Prior studies of 186Re-MAG3- or 
186Re-MAMA-conjugated HBP have 
demonstrated significantly higher bone 
accumulation and faster elimination rate of 
radioactivity from the blood than did 186Re-HEDP. 
These results imply that the molecular design of 
the chelate-conjugated BP would pave the way to 
develop radiopharmaceuticals not only for 
palliative treatment but for bone scintigraphy with 
a variety of radionuclides as well. Application of 
the molecular design to 68Ga may enable bone 
scintigraphy with PET, while that to 99mTc may 
provide new bone imaging agents that circumvent 
the problems associated with currently available 
99mTc-BP compounds [17]. Use of 153Sm or 177Lu 
may provide new radiopharmaceuticals that can 
be used complementary to 186Re-labeled ones. 
  In this study, a key factor affecting the 
pharmacokinetics of a chelate-conjugated BP was 
investigated to estimate the validity and the 
applicability of the molecular design. In addition, 
there are conflicting results as to whether 
previous non-radioactive BP treatment for 
metastatic bone disease would give rise to 
false-negative bone scintigraphies with 
polynuclear 99mTc-BP compounds [18-22]. Since 
some BP compounds are currently being used as 
palliative treatment of bone metastases [1, 2, 23], 
the effect of previous non-radioactive BP on the 
pharmacokinetics of a chelate-conjugated BP was 
also investigated. A tricarbonyl [188Re][(cyclo- 
pentadienylcarbonyl amino)-acetic acid]rhenium 
([188Re]CpTR-Gly) was selected as the radiometal 
chelate of choice, due to its extremely high 
stability and low plasma protein binding [24]. The 
high chemical inertness of [186Re]CpTR provides 
reliable pharmacokinetics of [186Re]CpTR-Gly- 
APD after HPLC purification and in the presence 
of other BP compounds [25]. Use of 186Re also 
allows chemical characterization of the final 
compound using non-radioactive 185/187Re.  
  [186Re]CpTR-Gly was conjugated with 
3-amino- 1-hydroxypropylidene-1,1-bis-phospho- 
nate (Pamidronate) and the conjugate was purified 
by HPLC to prepare [186Re]CpTR- Gly-APD 
(Figure 3-1B). Physicochemical and pharmaco- 
kinetic properties of the HPLC-purified 
[186Re]CpTR-Gly-APD were compared with those 
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Figure 3-1. Structures of polynuclear complex of 
Re-HEDP (A) and CpTR-Gly-APD (B). 
-94- 
of 186Re-HEDP. The effect of chemical amount of 
BP substances on hydroxyapatite binding and 
pharmacokinetics of [186Re]CpTR-Gly-APD was 
determined. The effect of HEDP pre- 
administration on the biodistribution of 
[186Re]CpTR-Gly-APD was also compared to that 
of 186Re-HEDP.  
 
Materials and methods 
Reagents and Chemicals. 186Re was supplied as 
perrhenate (HReO4) at pH 4.0 with specific 
activity of 21-22 TBq/g•Re by the Japan Atomic 
Energy Research Institute (JAERI, Tokai-Mura, 
Japan). Reversed- phase HPLC (RP-HPLC) was 
performed using a Cosmosil 5C18-AR-300 column 
(4.6 ´ 150 mm, Nacalai Tesque, Inc., Kyoto, 
Japan) with a gradient mobile phase starting from 
95% A (0.1 M phosphate buffer pH 6.0) and 5% B 
(acetonitrile) to 5% A and 95% B in 30 min at a 
flow rate of 1 mL/min. Gel permeation 
chromatography (GPC) was performed with a 
Sephadex G-50 (GE healthcare bioscience, Tokyo, 
Japan) column (10 ´ 200 mm) equilibrated and 
eluted with 0.1 M phosphate buffer (pH 6.8) at a 
flow rate of 1.0 mL/min. Each eluent was 
collected with a fraction collector (RediFlac, GE 
healthcare bioscience) at 1-min intervals, and the 
radioactivity counts in each fraction (1 mL) were 
determined using an auto well gamma counter 
(ARC-380M, Aloka, Tokyo). TLC analyses were 
performed with silica plates (Silica gel 60 F254, 
Merck Ltd., Tokyo) developed with acetone 
(solvent system 1) or chloroform: methanol (10:1) 
(solvent system 2). Cellulose acetate 
electrophoresis (CAE) strips were run in a veronal 
buffer (pH 8.6, I = 0.06) at a constant current of 1 
mA/cm for 20 min. Paper chromatography (PC) 
analyses were performed with Whatman No. 1 
(Whatman Japan Ltd., Tokyo) developed with 
saline. Proton nuclear magnetic resonance (1H 
NMR) spectra were recorded on a JEOL 
JNM-ALPHA 400 spectrometer (JEOL Ltd., 
Tokyo) with tetramethylsilane as an internal 
standard. Fast atom bombardment mass spectra 
(FAB-MS) were obtained using a JEOL 
JMS-HX-110A mass spectrometer (JEOL Ltd.). 
Elemental analyses were performed with the 
PE-2400 (Perkin Elmer Japan, Tokyo). 
Non-radioactive tricarbonyl[(cyclopentadienyl- 
carbonyl amino)-acetic acid]rhenium (CpTR-Gly) 
was synthesized according to the procedure 
described previously [24]. Two masses were 
reported for rhenium containing fragments to 
indicate the significant isotopic abundance of both 
185Re and 187Re. Each peak was observed to have 
the proper relative abundance. Hydroxyapatite 
(HA) powder (Bio Gel HTP) was obtained from 
Bio-Rad Japan (Tokyo). Pamidronate (APD) was 
synthesized according to the procedure of 
Kieczykowski et al. [26]. Other reagents were of 
reagent grade and used as received. 
Synthesis of (1-{3-[tricarbonyl(cyclopenta- 
dienylcarbonyl amino)-acetylamido]-1- 
hydroxy-1-phosphono-propyl}-phosphonic 
acid)rhenium (CpTR-Gly-APD).  CpTR-Gly 
(60 mg, 0.14 mmol) and 2,3,5,6-tetrafluorophenol 
(TFP, 34.2 mg, 0.21 mmol) were dissolved in 
dimethylformamide (DMF, 2 mL). After cooling 
to 0-5 ˚C, N, N’-dicyclohexylcarbodiimide (DCC, 
42.5 mg, 0.21 mmol) in DMF (2 mL) was added 
dropwise, and the reaction mixture was stirred for 
10 h. After filtration, the filtrate was evaporated in 
vacuo. The residue was purified by silica gel 
chromatography using ethyl acetate-hexane (2:3) 
as the eluent to produce tricarbonyl[(cyclopenta- 
dienylcarbonyl amino)-acetic acid 2,3,5,6-tetra- 
fluorophenol ester]rhenium (CpTR-Gly-TFP) as a 
white powder (60.3 mg, 75.1%). 1H NMR (400 
MHz CDCl3) d ppm : 4.50 (s, 2H, -CH2-CO)，
5.38 (t, 2H, -CO-Cp-H2), 5.95 (t, 2H, -CO-Cp-H2), 
6.98-7.06 (m, 1H,phenyl), FAB-MS calcd for 
C17H8F4NO6Re (M+H)+. m/z 584/586. Found: 
584/586. 
  A solution of CpTR-Gly-TFP (136.7 mg, 0.23 
mmol) in acetonitrile (1 mL) was added dropwise 
to a mixed solution of APD (53.6 mg, 0.21 mmol) 
and triethylamine (TEA, 137.8 mg, 1.37 mmol) in 
water (1 mL) with vigorous stirring. After the 
addition, an additional TEA (23.0 mg, 0.23 mmol) 
was added dropwise to the solution, and the 
reaction mixture was stirred for 2 h. The solvent 
was removed in vacuo and the residue was treated 
with methanol to precipitate the unreacted APD. 
After filtration, the filtrate was purified with 
C18-column chromatography using a mixture of 
0.1% aqueous trifluoroacetic acid (TFA) and 
acetonitrile containing 0.1% TFA (1:1) as an 
eluent to produce CpTR-Gly-APD (162.1 mg, 
90.3%) as a white powder. 1H NMR (400 MHz 
CD3OD) d ppm: 2.20 (m, 2H, -CH2-NH-), 3.34 
(m, 2H, -CH2-CH2-NH-)，3.89 (s, 2H, -CH2-CO), 
5.55 (t, 2H, -CO-Cp-H2), 6.17 (t, 2H, -CO-Cp-H2). 
FAB-MS calcd for C14H17N2O12P2Re (M+2 
triethylamine)+. 855/857. Found: 855/857. Anal. 
(C14H17N2O12P2Re + 0.9 triethylamine); calcd, 
C:31.30, H:4.13, N:5.46, found, C:31.49, H:4.38, 
N: 5.29 
Synthesis of [186Re](1-{3-[tricarbonyl(cyclo- 
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pentadienyl-carbonyl amino)-acetylamido]-1- 
hydroxy-1-phosphono-propyl}-phosphonic 
acid)rhenium ([186Re]CpTR-Gly-APD). [186Re] 
CpTR-Gly-APD was synthesized according to the 
procedure outlined in Scheme 3-1. A solution of 
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide 
hydrochloride (EDC, 1.38 g, 9.0 mmol) in DMF 
(25 mL) was added to a mixed solution of 
1,1’-ferrocenedicarboxylic acid (1.0 g, 3.6 mmol), 
glycine methyl ester hydrochloride (0.90 g, 7.2 
mmol), 1-hydroxybenzotriazole (HOBt, 0.97 g, 
7.2 mmol), and TEA (729 mg, 7.2 mmol) in DMF 
(25 mL) at 0-5 ˚C. After stirring overnight at 
room temperature, the solvent was removed in 
vacuo, and the residue was dissolved in 
chloroform. The organic layer was washed with 
saturated aqueous NaHCO3, saturated aqueous 
NaCl, and 5% citric acid, in succession, and dried 
over anhydrous CaSO4. After removal of the 
solvent, 1,1’-bis[(carbonyl amino)-acetic acid] 
ferrocene methyl ester (Fer-Gly-OMe) was 
obtained as a yellow solid (1.42 g, 93.2%). 1H 
NMR (400 MHz CD3OD) d ppm: 3.87 (s, 6H, 
CH3-CO-), 4.20 (d, 4H, -CH2-NH-), 4.40 (t, 4H, 
-CO-Cp-H2), 4.79 (t, 4H, -CO-Cp-H2). FAB-MS 
calcd for C18H20FeN2O6 (M+H)+. 417. Found: 
417.  
  A solution of [186Re]HReO4 in dry methanol 
(500 µL) was added to a mixture of Fer-Gly-OMe 
(14 mg, 33 µmol), Cr(CO)6 (14 mg, 64 µmol), 
and SnCl2 (40 mg, 74 µmol) in a pressure tube 
(0.8 x 8.5 cm, Taiatsu glass kogyo, Tokyo). The 
mixture was heated at 190 ˚C for 1 h. After 
cooling to room temperature, the solvent was 
removed in vacuo and the residue was 
chromatographed on silica gel using chloroform 
as the eluent to produce [186Re]CpTR-Gly-OMe. 
The compound was then dissolved in dioxane 
(200 µL) and mixed with aqueous sodium 
hydroxide (2 N, 600 µL) at room temperature. 
After stirring for 10 min, the solution was 
acidified with concentrated HCl (120 µL) and 
loaded onto a SepPak plus cartridge (C18 short 
body, 360 mg/cartridge, Waters, Tokyo) 
pre-activated with 6 mL each of water and ethanol. 
The cartridge was then washed with water (5 mL) 
and eluted with ethanol (3 mL). The first ethanol 
fraction (100 µL) was discarded, and the 
combined eluents were evaporated in vacuo to 
produce [186Re]CpTR-Gly in a radiochemical 
yield of 38% as determined by TLC (solvent 
system 2). [186Re]CpTR-Gly dissolved in 
dichloromethane (200 µL) was added to a mixture 
of DCC (3 mg, 15 µmol) and TFP (3 mg, 18 
µmol). After stirring for 30 min at room 
temperature, the solvent was evaporated in vacuo. 
The residue was dissolved in acetonitrile (100 µL) 
and added to a solution of APD (3 mg, 12 µmol) 
in 0.2 M borate buffer (pH 9.5, 100 µL). After 
stirring at room temperature for 30 min, the 
solution was neutralized with 2 N HCl and then 
purified by RP-HPLC to produce [186Re]CpTR- 
Gly-APD in a radiochemical yield of 25% and 
purity of over 95%. This compound showed a 
single radioactivity peak on RP-HPLC at a 
retention time identical to that of non-radioactive 
CpTR-Gly-APD standard (Figure 3-2). After the 
solvent was removed, [186Re]CpTR-Gly-APD was 
re- constituted in saline for subsequent studies. 
Preparation of 186Re-HEDP. 186Re-HEDP was 
prepared according to the procedure reported 
previously [11] and diluted 5-fold with saline 
before use. The final concentration of HEDP in 
186Re-HEDP was 8.0 mM. 
Plasma Stability. Each 186Re-labeled compound 
(111 kBq, 20 µL) was mixed with 380 µL of 
freshly prepared murine plasma at 37 ˚C. At 1, 3, 
and 6 h, 10 µL aliquots were drawn for TLC 
(solvent system 1) and PC analyses. 
Plasma Protein Binding. Each 186Re-labeled 
compound (111 kBq, 20 µL) was added to 380 µL 
of freshly prepared murine plasma at 37 ˚C. Five 
min after the incubation, 100 µL aliquots were 
drawn, and the radioactivity was analyzed by 
GPC. To estimate the effect of HEDP 
pre-treatment on the plasma protein binding of the 
two 186Re-labeled compounds, a 20 µL solution of 
HEDP (1.5 mg/mL in saline) was added to the 
murine plasma (360 µL) 5 min before the addition 
of the respective 186Re-labeled compound (111 
kBq, 20 µL). Five minutes after the incubation, 
100 µL aliquots were drawn for GPC analyses. 
HA Binding. HA powder (50 mg) was 
equilibrated with 5 mL of Tris-buffered saline 
(TBS; 150 mM NaCl, 50 mM Tris-HCl, pH 7.4) 
overnight. To the HA suspension (100 µL) was 
added 50 µL of each TBS of varying HEDP 
concentrations (0.080, 0.80 and 8.0 mM). After 
standing for 5 min, 50 µL of [186Re]CpTR- 
Gly-APD (11.1 kBq, 56-220 nM) was added to 
the HA suspension, and the mixture was gently 
agitated for 1 h at room temperature (final HEDP 
concentrations: 0.020, 0.20 and 2.0 mM, final 
CpTR-Gly-APD concentrations: 14-55 nM). The 
mixture was then centrifuged (10,000 ´ g, 5 min) 
and the supernatant and the precipitate were 
separated before the radioactivity counts in each 
supernatant fraction (100 µL) were determined 
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with an auto well gamma counter. The HA 
binding of 186Re-HEDP was also determined by 
adding 50 µL of 186Re-HEDP (1.11 kBq-111 kBq) 
of different HEDP concentrations (0.080, 0.80 
and 8.0 mM) to HA solution in TBS (150 µL, 50 
mg/7.5 mL) (final HEDP concentrations: 0.020, 
0.20 and 2.0 mM). Control studies were 
performed under similar conditions in the absence 
of HA. HA binding (%) was calculated as 
follows: 
HA binding (%) = 100-[(unbound fraction 
cpm)/(control fraction cpm)] ´ 100. 
 
Biodistribution Studies. Animal studies were 
conducted in accordance with the institutional 
guidelines approved by the Chiba University 
Animal Care Committee. Biodistribution studies 
were performed by the intravenous administration 
of a saline solution of [186Re]CpTR-Gly-APD or 
186Re-HEDP (11.1-18.5 kBq, 100 µL) to 
6-week-old male ddY mice (23). To investigate 
the effect of the amount of non-radioactive HEDP 
substances on biodistribution, [186Re]CpTR-Gly- 
APD was reconstituted in saline containing HEDP 
equivalent to that in 186Re-HEDP to administer 
9.0 mg/kg for a mouse. Groups of three to five 
mice each were administered the respective 186R- 
labeled compound before sacrificing at 10 min, 1, 
3, and 6 h post-injection by decapitation. Tissues 
of interest were removed, weighed, and the 
radioactivity counts were determined with an auto 
well gamma counter. To estimate the effect of BP 
pre-treatment on biodistribution, a therapeutic 
amount of HEDP (7.5 mg/kg) [27] was 
intravenously administered to mice 5 min before 
the second injection of each 186Re-labeled 
compound. The biodistribution of [186Re]CpTR- 
Gly-APD was also estimated 5 min after injection 
of a higher amount of HEDP (therapeutic amount 
+ HEDP equivalent to that in 186Re-HEDP; 7.5 
mg/kg + 9.0 mg/kg) to mice. 
Statistical Analysis. Data are expressed as the 
means ± SD where appropriate. Results were 
statistically analyzed using the unpaired Student’s 
t-test. Differences were considered statistically 
significant when p was < 0.05. 
 
Results 
Plasma Stability. When [186Re]CpTR-Gly-APD 
was incubated in murine plasma for 6 h, over 93% 
of the radioactivity was detected at a position 
identical to that of non-radioactive CpTR- 
Gly-APD on TLC. In contrast, 186Re-HEDP 
showed a gradual decrease in radioactivity at the 
intact fraction with post-incubation intervals. At 6 
h post-incubation, 69.5 ± 2.60% of the initial 
radioactivity was detected as intact (Figure 3-3). 
The final concentration of non-radioactive 
CpTR-Gly-APD in [186Re]CpTR-Gly-APD and 
that of HEDP in 186Re-HEDP was 70-140 nM and 
0.40 mM, respectively.  
Plasma Protein Binding. GPC radio- 
chromatograms of 186Re-HEDP (a) before and (b) 
after 5 min incubation in murine plasma are 
depicted in Figure 3-4 (left column). The HEDP 
concentration of 186Re-HEDP was 0.40 mM. After 
5 min, 38.3 ± 2.72% of the net radioactivity was 
eluted at a retention time (8 min) earlier than and 
similar to that of 186Re-HEDP and serum albumin, 
respectively. The percentage of radioactivity in 
the earlier fraction (8 min) decreased to 20.5 ± 
1.99% when 186Re-HEDP was incubated in HEDP 
pre-treated plasma for 5 min (Figure 3-4c).  
  Figure 3-4 (right column) shows GPC radio- 
0 10 20
Retention Time (min)
UV
 (2
54
 nm
)/R
ad
ioa
cti
vit
y
(A)
(B)
 
Figure 3-2. Reversed-phase HPLC elution profiles 
of [185/187Re]CpTR-Gly-APD as determined by UV 
(254 nm) trace (A). Radioactivity trace of 
[186Re]CpTR-Gly-APD showed retention time 
identical to that of non-radioactive counterparts. 
Under these conditions, [185/187Re]CpTR-Gly-APD 
was eluted at retention time of 8.5 min. 
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Figure 3-3. Percent radioactivity as intact 
[186Re]CpTR-Gly-APD (open square) and 
186Re-HEDP (solid circle) in murine plasma at 
37˚C. The concentrations of CpTR-Gly-APD in 
[186Re]CpTR-Gly-APD and HEDP in 186Re-HEDP 
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chromatograms of [186Re]CpTR-Gly-APD (a) 
before and (b) 5 min after incubation with murine 
plasma. The radiochromatograms remained 
unchanged after incubation in murine plasma. No 
changes in radiochromatograms were also 
observed when [186Re]CpTR-Gly-APD was 
incubated in plasma pretreated with HEDP 
(Figure 3-4c).  
HA Binding. The HA binding of 186Re-HEDP 
was hardly observed at an HEDP concentration of 
2.0 mM. The HA binding of 186Re-HEDP 
increased by decreasing the HEDP concentration 
in 186Re-HEDP, and the HA-bound fraction of 
186Re-HEDP reached 3.87 ± 2.65% and 26.7 ± 
3.20% at an HEDP concentration of 0.20 and 
0.020 mM, respectively (Table 3-1). 
Decomposition of 186Re-HEDP to 186ReO4- was 
not observed during the experiments (data not 
shown). The HA binding of [186Re]CpTR- 
Gly-APD was 50.6 ± 5.68% in the absence of free 
HEDP, where the CpTR-Gly-APD concentration 
was estimated as 14-55 nM. The HA binding of 
[186Re]CpTR- Gly-APD decreased in a 
dose-dependent manner in the presence of HEDP 
(Table 3-1). [186Re]CpTR- Gly-APD showed 
slightly higher binding to HA than did 
186Re-HEDP under similar HEDP concentrations. 
Biodistribution Study. The biodistribution of 
radioactivity after administration of [186Re]CpTR- 
Gly-APD and 186Re-HEDP to mice is summarized 
in Tables 3-2 and 3-3. The RP-HPLC purified 
[186Re]CpTR-Gly-APD showed significantly (p < 
0.05) higher radioactivity levels in the bone and 
lower levels in the blood from 1 h post-injection 
onward when compared with 186Re-HEDP. As a 
result, [186Re]CpTR-Gly-APD registered bone-to- 
blood ratios of radioactivity significantly (p < 
0.05) higher than those obtained with 
186Re-HEDP (Tables 3-2 and 3-3). However, when 
[186Re]CpTR- Gly-APD was injected to mice in 
the presence of HEDP equivalent to that in 
186Re-HEDP (9.0 mg/kg), a significant (p < 0.05) 
decrease in bone radioactivity was observed 
(Table 3-2).  
  When [186Re]CpTR-Gly-APD was injected into 
HEDP pre-treated mice, an increase in 
radioactivity levels in the blood was observed in a 
dose-dependent manner at an early post-injection 
time (Table 3-2). An increase in the radioactivity 
levels of the kidney was also observed in mice 
pre-treated with a higher amount of HEDP. 
However, the bone accumulation of [186Re]CpTR- 
Gly-APD remained unchanged even in mice 
pre-treated with a higher amount of HEDP (16.5 
mg/kg).  
  The HEDP pre-treatment also caused a delay in 
the clearance of radioactivity from the blood even 
6 h after injection of 186Re-HEDP (Table 3-3). An 
increase in the radioactivity level in the liver and 
kidney was also observed at 10 min post-injection 
of 186Re-HEDP.  
 
Discussion    
  A prior study suggests that Re-HEDP 
synthesized via reduction of perrhenate by 
stannous chloride in the presence of excess HEDP 
contains Re-Re bonds and is formulated as a 
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Figure 3-4. GPC radiochromatograms of 
186Re-HEDP (left column) and [186Re]CpTR- 
Gly-APD (right column) before (A), 5 min after 
incubation (B) in murine plasma, and 5 min after 
incubation (C) in murine plasma pre-treated with 
HEDP. Under these conditions, serum albumin, 
186Re-HEDP, and [186Re]CpTR-Gly-APD had 
retention times of 8, 15, and 17 min, respectively. 
Table 3-1. Hydroxyapatite  binding of [186Re]CpTR-Gly-APD and 186Re-HEDP 
 Hydroxyapatite -bound radioactivit y (%) 
HEDP concentration  (mM) 0 0.020 0.20 2.0 
[186Re]CpTR-Gly-APD* 50.6 (5.68) 39.7 (2.18) 8.90 (2.07) 3.93 (2.15) 
186Re-HEDP - 26.7 (3.20) 3.87 (2.65) 1.33 (0.72) 
*Concentration of CpTR -Gly-APD in [186Re]CpTR-Gly-APD was 14-55 nM. 
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linear tetramer [Re4(OH)2Sn4(HEDP)12] or a 
triangular cluster [Re3Sn3(HEDP)8] [5]. This 
study also suggests that the medically effective 
palliative agent appears to contain a mixture of 
these and perhaps other oligomers, where HEDP 
serves as both a coordinating ligand and a 
bone-binding group. On the other hand, a whole 
BP moiety is available for bone binding in 
[186Re]CpTR-Gly-APD. Although HPLC-purified 
[186Re]CpTR-Gly-APD registered significantly 
higher HA binding and bone accumulation than 
those observed with 186Re-HEDP (Tables 3-1, 3-2 
and 3-3), the HA binding and the bone 
accumulation of [186Re]CpTR-Gly-APD were 
almost similar to those of 186Re-HEDP under 
similar HEDP concentration. These results 
suggest that 186Re-HEDP possesses HA and bone 
binding abilities almost comparable to those of a 
whole BP moiety in [186Re]CpTR-Gly-APD, due 
to the presence of multidentate free phosphonate 
groups in 186Re-HEDP [5, 28]. The acquisition of 
bone accumulation by multidentate low affinity 
ligand is also observed in polyhydroxylated 
fullerene analogs [29, 30]. The progression of 
186Re deposition following dissociation of 
186Re-HEDP by removing HEDP ligands by HA 
may also be involved in HA binding and bone 
accumulation, as reported in the tumor 
accumulation of pentavalent 99mTc-DMS [31, 32]. 
  The present study also indicate that the 
chemical amount of BP substances in 
[186Re]CpTR-Gly-APD and 186Re-HEDP plays a 
crucial role in both HA binding and bone 
accumulation. The free BP molecules would 
compete for accessible binding sites on the bone 
with the radiolabeled BP compounds, and reduce 
bone accumulation of the radiolabeled BP 
compounds. However, the presence of excess BP 
ligand is essential to maintain the intact structures 
of 186Re-HEDP. In contrast, chelate-conjugated 
Table 3-2. Effect of HEDP co-administration or pre-treatment on biodistribution  of 
[186Re]CpTR-Gly-APD in micea 
 Time after Injection 
 10 min 1 h 3 h 6 h 
 Control 
Blood 2.86 (0.26) 0.31 (0.10)  0.20 (0.09) 0.06 (0.03)
Bone 14.57 (1.86) 26.11 (2.94)
§
23.36 (4.62)  23.22 (5.69)
Liver 3.43 (0.84) 3.21 (0.39) 3.04 (0.50)  2.57 (0.20)
Kidney 9.31 (2.23) 2.38 (0.28) 2.52 (0.77)  1.48 (0.21)
Intestine 0.59 (0.04) 0.26 (0.02) 0.50 (0.08)   0.28 (0.02)
Stomachb 0.42 (0.04) 0.51 (0.14)  0.38 (0.24)  0.11 (0.03)   
Bone/Blood 5.14 (0.85) 90.16 (20.3)  129   (49.9)  391    (109 )  
 Co-administration (9.0 mg/kg) 
Blood 3.27 (0.51)  0.49 (0.07)  0.22 (0.04)  0.08 (0.02)  
Bone 9.74 (1.92)* 12.37  (1.21 ) *  12.88 (2.28)* 13.71 (1.69)* 
Liver 3.48 (0.15) 2.88 (0.54)  2.14 (0.38)  2.27 (0.45)  
Kidney 10.16 (3.77) 2.80 (0.65)   2.17 (0.75)   1.83 (0.31)  
Intestine 0.82 (0.09) 0.69 (0.12)   0.66 (0.08)   0.57 (0.13)   
Stomachb 0.56 (0.04)  0.53 (0.15)  0.44 (0.11)  0.29 (0.11)   
Bone/Blood 3.84 (0.66) 25.74 (3.55)* 61.53  (17.6) *  180    (45.2)* 
 Pre-treatment (7.5 mg/kg HEDP) 
Blood 3.46 (0.31)* 0.36 (0.12) 0.22 (0.08) 0.09 (0.02) 
Bone 11.50 (1.58) 21.12 (2.92) 22.52 (4.98) 18.70 (2.69) 
Liver 2.60 (0.63) 2.87 (0.14) 2.61 (0.29) 2.17 (0.84) 
Kidney 7.77 (0.96) 3.67 (1.17) 2.10 (0.71) 2.01 (0.76) 
Intestine 0.44 (0.17) 0.12 (0.01) 0.27 (0.10) 0.19 (0.10) 
Stomachb 0.41 (0.08) 0.39 (0.25) 0.22 (0.09) 0.07 (0.04) 
Bone/Blood 3.32 (0.31)* 62.98 (19.0) 94.67 (13.4) 209  (63.0) 
 Pre-treatment (16.5 mg/kg HEDP) 
Blood 4.19 (0.65)* 0.52 (0.25) 0.20 (0.03) 0.16 (0.02)* 
Bone 13.90 (2.28) 25.75 (5.76) 21.76 (1.47) 24.13 (3.30) 
Liver 3.70 (0.32) 3.82 (0.52) 2.34 (0.35) 2.57 (0.50) 
Kidney 14.71 (3.72)* 3.45 (0.70) 1.77 (0.26) 1.83 (0.73) 
Intestine 0.83 (0.25) 0.33 (0.11) 0.44 (0.18) 0.31 (0.21) 
Stomachb 0.50 (0.06) 0.48 (0.17) 0.50 (0.51) 0.26 (0.13) 
Bone/Blood 3.37 (0.75)* 60.54 (30.6) 111  (20.1) 193   (87.7)* 
a Tissue radioactivity is expressed as %ID/ g for each group (n=3-4); results are reported as 
mean (SD). 
b Expressed as %ID. 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 compared to control mice. 
control mice (Table 3-3). 
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Table 3-3. Effect of HEDP pre-treatment on biodistribution of 186Re-HEDP in micea 
 Time after Injection 
 10 min 1 h 3 h 6 h 
 Control 
Blood 2.28 (0.23) 0.81 (0.15) 0.32 (0.02) 0.12 (0.02) 
Bone 12.37 (2.75) 16.33 (1.21) 13.22 (3.24) 12.30 (1.07) 
Liver 2.81 (0.53) 1.46 (0.49) 0.51 (0.04) 0.37 (0.10) 
Kidney 9.36 (1.75) 4.26 (0.54) 1.50 (0.24) 1.15 (0.24) 
Intestine 0.80 (0.12) 0.69 (0.11) 0.80 (0.20) 0.50 (0.25) 
Stomachb 1.43 (0.69) 1.63 (0.07) 1.03 (0.04) 0.25 (0.10) 
Bone/Blood 5.24 (1.74) 20.85 (5.51) 42.31 (13.7) 105  (21.5) 
 Pre-treatment (7.5 mg/kg HEDP) 
Blood 4.79 (1.42)* 0.82 (0.20) 0.57 (0.10)* 0.24 (0.02)* 
Bone 12.64 (2.25) 14.85 (3.23) 14.03 (3.26) 12.60 (1.99) 
Liver 4.52 (0.75)* 1.06 (0.21) 0.74 (0.33) 0.39 (0.00) 
Kidney 13.43 (1.77)* 3.72 (1.19) 1.83 (0.49) 1.26 (0.24) 
Intestine 1.20 (0.10) 0.74 (0.13) 0.75 (0.10) 0.49 (0.15) 
Stomachb 1.15 (0.10) 1.65 (0.09) 0.93 (0.02) 0.49 (0.28) 
Bone/Blood 2.82 (0.79) 18.39 (5.27) 25.37 (6.75) 53.15 (13.2)* 
a Tissue radioactivity is expressed as %ID/ g for each group (n=3-4); results are reported as 
mean (SD). 
b Expressed as %ID. 
Significances determined by unpaired Student’s t-test; (*) p < 0.05 compared to control mice.  
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BPs remain stable even when the excess ligands 
are removed from the complexes when 
appropriate chelating molecules are selected, as 
shown in previous studies [14-16]. Thus, the 
molecular design of chelate-conjugated BP would 
constitute useful to develop radiopharmaceuticals 
of high bone accumulation with a variety of 
radionuclides of clinical importance by selecting 
chelating molecules that form radiometal chelates 
of high specific activity.    
  Both plasma stability and plasma protein 
binding constitute another factors that affect 
radioactivity levels in the blood after 
administration of radiopharmaceuticals. The 
lower plasma stability of 186Re-HEDP would 
partially account for its slow elimination rate of 
radioactivity from the blood, as supported by the 
in vitro plasma stability study (Figure 3-3) and the 
higher radioactivity levels of 186Re-HEDP in the 
stomach (Table 3-3) [13]. 186Re-HEDP also 
exhibited higher plasma protein binding than did 
[186Re]CpTR-Gly-APD (Figure 3-4). The 
chemical amounts of 186Re-HEDP substances 
were far less than those of HEDP in 186Re-HEDP 
preparations. In addition, the plasma protein 
binding of 186Re-HEDP was partially reduced in 
HEDP pre-treated plasma (Figure 3-4). Thus, 
although the formation of oligometric structure 
would be profitable for HA binding and bone 
accumulation, this structure also induced high 
plasma protein binding. The low plasma protein 
binding of [186Re]CpTR-Gly-APD would account 
for its high bone-to-blood ratios of radioactivity 
even when [186Re]CpTR-Gly-APD was co- 
administered with free HEDP. Since the plasma 
protein binding of chelate-conjugated BPs would 
be manipulated by selecting chelating molecules, 
these results also suggest that the molecular 
design of the chelate-conjugated BP would be 
useful to develop bone-seeking radio- 
pharmaceuticals of rapid blood clearance.  
Then, the effect of HEDP pre-treatment on 
pharmacokinetics of the two 186Re-labeled BPs 
was estimated. Although the pre-treatment of 
non-radioactive HEDP caused a delay in blood 
clearance and an increase in renal radioactivity 
levels of the two 186Re-labeled BPs at an early 
post-injection time, more profound effect was 
observed in the blood clearance of 186Re-HEDP 
(Tables 3-2 and 3-3). Prior studies showed that 
HEDP was excreted from the kidney by active 
renal transporter system [33] and that the renal 
clearance of alendronate was inhibited by HEDP 
in a dose-dependent manner, due to a competition 
for the renal transport system [34, 35]. In light of 
these studies, the delay in blood clearance of the 
two 186Re-labeled BPs in HEDP pre-treated mice 
would be attributable to an inhibition of renal 
transport system by HEDP. This may also account 
for the false-negative bone scintigraphies in BP 
pre-treated patients [18-22] when considering 
similarities between 99mTc- and 186Re-labeled 
polynuclear complexes. In addition, the presence 
of excess HEDP in 186Re-HEDP would compete 
with 186Re-HEDP for the renal transporter that 
had partially been inhibited by the previous 
HEDP treatment. Thus, these results again imply 
that the chemical amount of BP substances in 
radiolabeled BPs would be responsible for the 
blood clearance of radiolabeled BPs. The 
unchanged bone accumulation of the two 
186Re-labeled BPs by HEDP pre-treatment would 
be attributable to the lack of complete occupation 
of all BP binding sites on the murine bone by the 
present amount of HEDP.  
 
Conclusion 
This study indicates that 186Re-HEDP possesses 
HA binding and bone accumulation almost 
comparable to those of [186Re]CpTR-Gly-APD at 
similar HEDP concentration at an expense of high 
plasma protein binding. This study also indicates 
that the presence of free HEDP in radiolabeled 
BPs significantly impaired bone accumulation 
and blood clearance, due to a competition for 
bone binding site and BP transporters in the 
kidney. These results indicated that the specific 
activity of radiolabeled BPs constitutes a key 
factor that affects pharmacokinetics of 
radiolabeled BPs. However, 186Re-HEDP requires 
excess HEDP ligand to maintain its intact 
structures. In contrast, chelate-conjugated BPs 
can be prepared at much lower ligand 
concentrations by selecting an appropriate 
chelating molecule. Thus, the molecular design of 
chelate-conjugated BP would be useful to develop 
radiopharmaceuticals for bone imaging and 
palliative treatment with a variety of 
radionuclides by selecting appropriate chelating 
molecules for the respective radionuclides.  
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Chapter 4.  
Technetium-99m-Labeled Long Chain Fatty Acid Analogs Metabolized by 
b-Oxidation in the Heart 
Introduction 
  Long chain fatty acids constitute a major 
source of energy in normal myocardium [1, 2]. 
Since regional alternations in the myocardial fatty 
acid metabolism usually occur in ischemic heart 
disease and cardiomyophathies, radiolabeled long 
chain fatty acid analogs play an important role in 
the diagnosis of heart disease [3] and have been 
proven useful in the differential diagnosis of 
unstable angina or severe heart ischemia [4]. 
Carbon-11 (11C) labeled palmitic acid, iodine-123 
(123I) labeled 15-(p-[123I]iodophenyl)penta- 
decanoic acid ([123I]IPPA, Figure 4-1A) and 
15-(p-[123I]iodo-phenyl)-3-(R,S)-methylpentadeca
noic acid ([123I]BMIPP) are the representative 
fatty acid analogs used in clinical studies [5, 6]. 
However, an on-site cyclotron is required to 
produce 11C-labeled palmitic acid, and radio- 
iodinated compounds must be obtained from 
radiopharmaceutical companies. Since heart 
disease generally requires an urgent examination, 
it would be useful if an on-site radio- 
pharmaceutical could be used for clinical 
diagnosis. Thus, efforts have been made to 
develop 99mTc-labeled fatty acid analogs [7-14]. 
However, these 99mTc-labeled fatty acid analogs 
suffered from poor myocardial uptake. In addition, 
it remains uncertain whether they were 
metabolized by b-oxidation in the heart.   
  We have previously observed that 99mTc-labeled 
N-[[[(2-mercaptoethyl)amino]carbonyl]methyl]-N
-(2-mercaptoethyl)-6-aminohexanoic acid ([99mTc] 
MAMA-HA), a medium chain fatty acid analog, 
was metabolized by b-oxidation in the liver 15 and 
that [99mTc]MAMA-conjugated hexadecanoic acid 
(HDA), a long chain fatty acid analog of 
[99mTc]MAMA-HA, showed heart-to-blood ratios 
of 3.6 at 2 min post-injection 16. The metabolic 
study also indicated that [99mTc]MAMA-HDA 
was metabolized by b-oxidation in the body. 
These findings suggest that an incorporation of an 
appropriate 99mTc chelate to a long chain fatty 
acid would provide 99mTc-labeled fatty acid 
analogs recognized and metabolized by the heart.  
  We have also observed that [188Re]tricarbonyl 
(cyclopentadienylcarbonate)rhenium ([188Re]Cp- 
TR-COOH) was recognized as an aromatic 
compound and was metabolized as such in the 
body [17]. The organometallic rhenium 
compounds have chemical properties similar to 
technetium counterparts [18-20]. These results 
suggest that cyclopentadienyltricarbonyl- 
technetium (CpTT) may constitute an appropriate 
molecule to prepare 99mTc-labeled long chain fatty 
acid that reflect fatty acid metabolism in the heart. 
In this study, [99mTc]CpTT was introduced at the 
w-position of a pentadecanoic acid to prepare 
[99mTc]CpTT-PA (Figure 4-1B). The bio- 
distribution of radioactivity after injection of 
[99mTc]CpTT-PA was compared with [125I]IPPA in 
rats. The myocardium metabolism of [99mTc]- 
CpTT-PA was also compared with [125I[IPPA 
using the Langendorff rat heart model. The 
molecular design of [99mTc]CpTT-PA for 
measuring fatty acid metabolism in the heart was 
estimated.  
 
Materials and methods 
Reagents and Chemicals. [99mTc]Pertechnetate 
(99mTcO4-) was eluted in saline solution on a daily 
basis from Daiichi Radioisotopes Labs generator 
(Chiba, Japan). Reversed phase HPLC (RP- 
HPLC) was performed with a Cosmosil 
5C18-AR-300 column (4.6 x 150 mm, Nacalai 
Tesque, Kyoto, Japan) at a flow rate of 1 mL/min 
with a gradient mobile phase starting from 30% A 
(0.1% aqueous trifluoroacetic acid (TFA)) and 
70% B (acetonitrile with 0.1% TFA) to 0% A and 
100% B at 30 min (system 1) or from 50% A and 
50% B to 0% A and 100% B at 30 min (system 2). 
Each eluent was collected with a fraction 
collector (RadiFlac, GE healthcare bioscience, 
Tokyo, Japan) at 30-s intervals, and the 
radioactivity counts in each fraction (500 µL) 
TcOC
CO
CO
O H
O
O H
O
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I
 
Figure 4-1. Chemical strucures of IPPA (a) and 
CpTT-PA (b). 
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were determined with an auto well gamma 
counter (ARC-380M, Aloka, Tokyo). The 
radioactivity of the eluent was measured 
immediately for 99mTc radioactivity (120 keV-150 
keV) and 5 days later for 125I radioactivity (20 
keV-40 keV) to reduce the crossover of the 99mTc 
radioactivity to the 125I channel. The crossover of 
125I activity to the 99mTc channel was negligible. 
TLC analyses were performed with silica plates 
(Silica gel 60 F254, Merck, Tokyo) developed with 
chloroform. SepPak plus (C18 short body, 360 
mg/cartridge, Waters, Tokyo) was activated with 6 
mL each of ethanol and water prior to use. Proton 
nuclear magnetic resonance (1H-NMR) spectra 
were recorded on a JEOL JNM-ALPHA 400 
spectrometer (JEOL Ltd., Tokyo) with 
tetramethylsilane as an internal standard. Fast- 
atom bombardment mass spectra (FAB-MS) were 
taken on a JEOL JMS-HX-110A mass spectro- 
meter (JEOL Ltd.). Two masses were reported for 
rhenium-containing fragments to indicate the 
significant isotopic abundances of both 185Re and 
187Re. Each peak was observed to have the proper 
relative abundances. Elemental analyses were 
performed by PE-2400 (Perkin Elmer Japan, 
Tokyo). 15-(p-[125I]Iodophenyl)pentadecanoic 
acid ([125I]IPPA) and 13-(p-iodophenyl) 
tridecanoic acid were prepared according to the 
procedure described previously 16, 40. Other 
reagents were of reagent grade and used as 
received. 
Pentadecanedioic acid monomethyl ester (2). 
Thionyl chloride (4 mL, 55 mmol) was added 
dropwise to methanol (40 mL) at -10 ˚C. After 
standing for 10 min at the same temperature, 
pentadecanedioic acid (1) (6.0 g, 22 mmol) was 
added to the solution. The temperature of the 
solution was gradually increased to boiling point 
and the solution was refluxed for 5 h. After 
cooling to room temperature, the solvent was 
evaporated in vacuo, and the residue was 
dissolved in ether (40 mL). The organic layer was 
washed with saturated aqueous NaCl (40 mL x 3) 
and then dried over anhydrous CaSO4. After 
removing the solvent, dimethyl ester of 
compound 1 was obtained as a white solid (6.3 g, 
95.0%). This compound was used without further 
purification.   
  A solution of barium hydroxide (1.48 g, 8.5 
mmol) in dry methanol (100 mL) was added 
dropwise to a solution of the dimethyl ester of 
compound 1 (5.25 g, 17 mmol) in dry methanol 
(120 mL). After standing for 17 h at room 
temperature, the precipitate was collected by 
suction filtration and washed with methanol (20 
mL). The barium salt was shaken for a few 
minutes in a separatory funnel with a mixture of 4 
N HCl (100 mL) and ether (100 mL). The 
aqueous layer, together with any precipitated 
barium chloride was removed and extracted again 
with ether (100 mL). The combined ether extracts 
were washed with water and dried over anhydrous 
CaSO4. After removing the solvent, the residue 
was purified by open column chromatography 
using silica gel and subsequent elution with a 
mixture of ethyl acetate-hexane (1:2) to produce 
compound 2 (3.80 g, 78.2%). 1H-NMR (CDCl3) 
d: 3.84 (s, 3H, CH3), 2.84 (m, 4H, -CH2-CO-), 
1.79 (m, 4H, -CH2-CH2-CO-), 1.49 (s, 18H, 
–CH2-); FAB-MS: m/z 287 (M+H)+. Found: 287. 
15-Ferrocenoyl-15-oxopentadecanoic acid 
methyl ester (3). This compound was synthesized 
according to the procedure of Vogel et al. with 
slight modification as follows [21]. Compound 2 
(2.0 g, 6.9 mmol) was dissolved in thionyl 
chloride (5 mL, 69 mmol) and refluxed for 3 h. 
After removing residual thionyl chloride in vacuo, 
the crude 1-methyl pentadecanedioic acid 
chloride was dissolved in dichloromethane (10 
mL) containing anhydrous aluminum chloride 
(1.3 g, 9.8 mmol), and then added dropwise to a 
solution of ferrocene (1.3 g, 6.9 mmol) in dry 
dichloromethane (10 mL). The mixed solution 
was kept stirring overnight, and then poured into 
ice-cold water (30 mL). Ethyl acetate (30 mL) 
was added to the solution and the organic phase 
was extracted and washed with brine (30 mL x 3), 
and then dried over anhydrous CaSO4. After 
removing the solution, the residue was purified by 
open column chromatography using silica gel and 
subsequent elution with a mixture of chloroform- 
hexane (5:2) to produce compound 3 (1.5 g, 49%). 
1H-NMR (CDCl3) d: 4.75 (s, 2H, ferrocene), 4.47 
(s, 2H, ferrocene), 4.18 (s, 5H, ferrocene), 3.65 (s, 
3H, COO-CH3), 2.68 (t, 2H, -CH2-CO-), 2.29 (t, 
3H, -CH2-COO-), 1.59-1.70 (m, 4H –CH2-CH2- 
CO-), 1.24 (s, 18H, -CH2-); FAB-MS: m/z 455 
(M+H)+. Found: 455. 
Tricarbonyl(15-cyclopendadienyl-15-oxopenta
decanoic acid methyl ester)rhenium (4a). This 
compound was synthesized according to the 
procedure of Spradau et al. [20] with slight 
modification as follows. To a mixture of 
compound 3 (472 mg, 1.0 mmol), ammonium 
perrhenate (89 mg, 0.33 mmol), chromium 
hexacarbonyl (410 mg, 1.9 mmol), and chromium 
(III) chloride anhydrous (110 mg, 0.67 mmol) in a 
pressure tube (0.8 x 8.5 cm, Taiatsu glass kogyo, 
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Tokyo) was added dry methanol. After the tube 
was inserted in silicon oil at 180 ˚C for 45 min, 
the reaction mixture was cooled at room 
temperature. After the filtration through celite, the 
filtrate was removed in vacuo, and the residue 
was purified with open column chromatography 
using silica gel and subsequent elution using a 
mixture of ethyl acetate and hexane (1:4) to 
produce compound 4a (54.5 mg, 27.3%) as a 
white powder. 1H-NMR (CDCl3) d: 5.96 (s, 2H, 
Cp), 5.37 (s, 2H, Cp), 3.64 (s, 3H, CH3), 2.55 (t, 
2H, -CH2-CO-), 2.28 (t, 3H, -CH2-COO-), 
1.55-1.68 (m, 4H –CH2-CH2-CO-), 1.23 (s, 18H, 
-CH2-); FAB-MS: m/z 603/605 (M+H)+. Found: 
603/605. 
Tricarbonyl(15-cyclopentadienyl penta- 
decanoic acid methyl ester)rhenium (5a).  
This compound was synthesized according to the 
procedure of Bhattacharyya as follows. 
Compound 4a (47 mg, 78 µmol) was dissolved in 
dichloromethane (1 mL) and titanium (IV) 
chloride (14.7 mg, 78 µmol) dissolved in 
dichloromethane (1 mL) was added to the 
solution. A solution of triethylsilane (36.3 mg, 
312 µmol) in dichloromethane (1 mL) was then 
added to the mixture with stirring. After being 
stirred for 14 h at room temperature, the organic 
layer was washed with 5% sodium carbonate (5 
mL), and dried over anhydrous CaSO4. After 
removing the solvent in vacuo, the residue was 
purified by open column chromatography using 
silica gel and subsequent elution using a mixture 
of chloroform-hexane (5:2) to produce the 
compound 5a as a white powder (23 mg, 50%). 
1H-NMR (CDCl3) d: 5.20 (s, 4H, Cp), 3.62 (s, 3H, 
CH3), 2.37 (t, 2H, -CH2-Cp-), 2.29 (t, 2H, 
-CH2-CO-), 1.43-1.71 (m, 4H, -CH2-CH2-Cp, 
-CH2-CH2-CO-), 1.23 (s, 20H, -CH2-); FAB-MS: 
m/z 589/591 (M+H)+. Found: 589/591. 
Tricarbonyl(15-cyclopendadienyl penta- 
decanoic acid)rhenium ([185/187Re]CpTR- PA). 
Compound 5a (11 mg, 19 µmol) was dissolved in 
ethanol (600 µL) and mixed with aqueous sodium 
hydroxide (2 N, 200 µL) for 8 h at room 
temperature. After being acidified with 
concentrated HCl (ca. 120 µL), ethyl acetate (5 
mL) was added to the solution and it was washed 
with 1% HCl solution (5 mL x 3). After the 
solution was dried over anhydrous CaSO4, the 
solution was evaporated in vacuo to obtain 
[185/187Re]CpTR-PA as a white solid (8.3 mg, 
77.4%). 1H-NMR (CDCl3) d: 5.21 (s, 4H, Cp), 
2.35 (m, 4H, -CH2-Cp-, -CH2-CO-), 1.42-1.69 (m, 
4H, -CH2-CH2-Cp, -CH2-CH2-CO-), 1.21 (s, 20H, 
-CH2-); FAB-MS: m/z 575/577 (M+H)+. Found: 
575/577. Anal. (C23H33O5Re) C, H, N. 
Tricarbonyl(3-cyclopendadienyl propionic 
acid)rhenium ([185/187Re]CpTR-propionic acid). 
This compound was synthesized by the reaction 
of ferrocene and malonic acid monomethylester 
and subsequent reduction of the carbonyl group, 
according to the procedure described above in 5% 
yield. This compound showed a single peak at a 
retention time of 5.0 min on RP-HPLC (system 2). 
1H-NMR (CDCl3) d: 5.23 (s, 4H, Cp), 2.35 (t, 2H, 
-CH2-Cp-), 2.30 (t, 2H, -CH2-CO-), 1.43-1.50 (m, 
2H, -CH2-); FAB-MS: m/z 407/408 (M+H)+. 
Found: 406/408. Anal. (C11H9O5Re) C, H, N. 
[99mTc]Tricarbonyl(15-cyclopendadienyl-15-ox
opentadecanoic acid methyl ester)technetium 
(4b). This compound was synthesized according 
to the procedure of Spradau et al. [20] with slight 
modification as follows. A solution of 
[99mTc]NaTcO4 in dry methanol (500 µL) was 
added to the mixture of compound 3 (10 mg, 22 
µmol), chromium hexacarbonyl (14 mg, 64 µmol), 
and chromium (III) chloride (11 mg, 58 µmol) in 
the pressure tube (0.8 x 8.5 cm, Taiatsu glass 
kogyo). The tube was inserted in silicon oil at 180 
˚C for 45 min. After being cooled to room 
temperature, the solvent was evaporated in vacuo. 
The residue was dissolved in chloroform and 
purified by open column chromatography using 
silica gel and subsequent elution with chloroform 
as an eluent to produce the compound 4b in 
radiochemical yield of 80%.  
[99mTc]tricarbonyl(15-cyclopentadieyl penta- 
decanoic acid methyl ester)technetium (5b). 
Titanium (IV) chloride (8 µL) dissolved in 
dichloromethane (0.5 mL) was added to 
compound 4b. Triethylsilane (50.5 µL) dissolved 
in dichloromethane (0.5 mL) was added to the 
mixture with stirring. After being stirred for 1 h at 
room temperature, ether (2 mL) and water (2 mL) 
was added to the mixture. The organic solvent 
was extracted from the mixture and evaporated in 
vacuo to produce the compound 5b in 
radiochemical yield of 55%. 
[99mTc]tricarbonyl(15-cyclopentadieyl penta- 
decanoic acid)technetium ([99mTc]CpTT-PA). 
Compound 5b was dissolved in ethanol (600 µL) 
and mixed with 2 N aqueous sodium hydroxide 
(200 µL) at 95 ˚C for 10 min. After being cooled 
to room temperature, the mixture was neutralized 
with 2 N HCl and loaded onto a SepPak plus 
cartridge. The cartridge was successively washed 
with water (5 mL) and eluted with ethanol (3 mL). 
The first eluted ethanol fraction (100 µL) was 
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discarded, and the combined eluents were 
evaporated in vacuo. The residue was purified by 
RP-HPLC (system 1) to produce [99mTc]CpTT-PA 
in radiochemical yield of 49%.  
[99mTc]tricarbonyl(3-cyclopentadieyl propionic 
acid)technetium ([99mTc]CpTT-propionic acid). 
This compound was synthesized by the reaction 
of ferrocene and malonic acid monomethyl ester 
according to the procedure described above in 
radiochemical yield of 21%. [99mTc]CpTT- 
propionic acid showed a single radioactivity peak 
at a retention time of 5.0 min on RP-HPLC 
(system 2).  
Biodistribution study. Animal studies were 
conducted in accordance with our institutional 
guidelines and were approved by the Chiba 
University Animal Care Committee. 
[99mTc]CpTT-PA (1.85 MBq) and [125I]IPPA (1.85 
MBq) were dissolved in ethanol (750 µL) and 
added dropwise to a stirred solution of 1% bovine 
serum albumin (BSA, 14.25 mL) in saline. The 
solution was then filtered through a 0.22 µm 
polycarbonate filter. The solution (37 kBq each of 
[99mTc]CpTT-PA and [125I]IPPA) was administered 
to Wistar rats (male, 200 g) from tail vein. At 
appropriate time points after the injection, rats 
were sacrificed by decapitation. Tissues of 
interest were removed and weighed, and the 
radioactivity counts were determined using an 
auto well gamma counter. 
Isolated Rat Heart Studies. This study was 
performed according to the procedure of 
Yamamichi et al. [25] and Mori et al. [26] with 
slight modifications. The hearts were rapidly 
removed from the male Wistar rats (200-300 g) 
anesthetized with pentobarbital (50 mg/kg), and 
mounted on a Langendorff perfusion system. The 
perfusate used was 5 mM HEPES buffer (pH 7.4) 
containing 123 mM NaCl, 5 mM KCl, 1 mM 
MgSO4, 5 mM AcONa, 5 mM CaCl2 and 6 mM 
glucose. The hearts were perfused at a steady rate 
of 8-10 mL/min by a peristaltic pump (Pump P-1, 
GE healthcare biosciences), and oxygenation of 
the perfusate was achieved with a mixture of 95% 
O2 and 5% CO2. The hearts had a steady rate of 
contraction (180-200 times/min). After stabilizing 
the hearts for 10 min, a mixture of 
[99mTc]CpTT-PA (74 kBq) and [125I]IPPA (74 kBq) 
in 0.3 mL saline containing 1% BSA were loaded 
into the perfusate (30 mL). After the perfusate 
was recirculated for 2 h, the perfusate (5 mL) was 
acidified with 1 N HCl to pH 1.0 and the 
radioactive fractions were extracted by passage 
through a SepPak cartridge that was then eluted 
with methanol (5 mL, extract efficiency of 92.6%). 
These methanol solutions were analyzed using 
RP-HPLC (system 2). After the completion of the 
experiments, the hearts were dismounted, minced 
and homogenized. The lipids were extracted using 
a modified Folch technique [29. 41] in which the 
myocardial homogenates were mixed with 5 mL 
of 2:1 chloroform-methanol and acidified with 
50% H2SO4 (pH 1) (extraction efficiency of 
93.2%). After the precipitate was removed, the 
filtrates were analyzed by TLC. The filtrates were 
then hydrolyzed with 10 M KOH (1 mL) at 60 ˚C 
for 1 h. After bringing acidified with 50% H2SO4 
(pH 1), the final products were extracted with 
chloroform (3 mL, extraction efficiency: 92.7%). 
The extracts were evaporated in vacuo and 
analyzed by RP-HPLC (system 2). 
 
Results 
Synthesis of [185/187Re]CpTR-PA, [99mTc]CpTT- 
PA and their derivatives. Both nonradioactive 
[185/187Re]CpTR-PA and [99mTc]CpTT-PA were 
synthesized under similar procedures as outlined 
in Scheme 4-1. Compound 3 was prepared by 
acylation of ferrocene with acid chloride of 
compound 2 in the presence of AlCl3 [21]. The 
Scheme 4-1 
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CpTR-PA: M = 185/187Re
CpTT-PA: M = 99mTc  
Reagents: (a) SOCl2, MeOH; (b) Ba(OH)2; (c) SOCl2; (d) AlCl3, ferrocene; (e) CrCl3, Cr(CO)6, 99mTcO4- or 185/187ReO4-;  (f) TiCl4, Et3SiH; (g) 2 N NaOH 
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double ligand transfer reaction of the ferrocene 
precursor, compound 3, with nonradioactive 
185/187ReO4- or 99mTcO4- produced compound 4a or 
4b [20]. The carbonyl group in compounds 4a and 
4b was then reduced according to the procedure 
of Bhattacharyya [22] using titanium (IV) 
chloride and triethylsilane. Afterwards, the methyl 
ester of compounds 5a and 5b was saponified to 
produce [185/187Re]CpTR-PA and [99mTc]CpTT-PA. 
After purification by RP-HPLC, [99mTc]CpTT-PA 
was obtained with a radiochemical yield and 
purity of 10.1% (not decay corrected) and over 
93%. The comparative RP-HPLC retention times 
of CpTM (M = 99mTc or 185/187Re) derivatives are 
summarized in Table 4-1.  
Nonradioactive tricarbonyl(3-cyclopentadienyl 
propionic acid)rhenium ([185/187Re]CpTR- 
propionic acid) and its 99mTc counterpart 
([99mTc]CpTT-propionic acid) were synthesized 
according to the procedure as described above. 
[185/187Re]CpTR-propionic acid showed a 
retention time of 5.0 min on RP-HPLC (system 2), 
while [99mTc]CpTT-propionic acid had a retention 
time of 5.5 min under similar conditions.    
Biodistribution study. The biodistribution of 
radioactivity after simultaneous injection of 
[99mTc]CpTT-PA and [125I]IPPA to rats is 
summarized in Table 4-2. [99mTc]CpTT-PA 
showed the maximum myocardial accumulation 
of 3.85 %ID/g at 1 min postinjection, followed by 
a gradual washout from the heart. [125I]IPPA 
registered the time-course of radioactivity in the 
heart similar to [99mTc]CpTT-PA except that 
[125I]IPPA reached the maximum radioactivity 
level of 7.59 %ID/g at 1 min postinjection. 
[99mTc]CpTT-PA showed a slow elimination rate 
of radioactivity from the blood at earlier 
postinjection time, whereas a gradual increase in 
radioactivity in the blood was observed with 
[125I]IPPA from 2 min to 30 min postinjection. As 
a result, while [125I]IPPA exhibited the highest 
heart-to-blood ratio of the radioactivity of 12.46 
at 2 min postinjection, [99mTc]CpTT-PA reached 
the highest ratio of 4.60 at 10 min postinjection. 
In contrast, the radioactivity levels in the liver 
remained unchanged after injection of [125I]IPPA, 
Table 4-1. Reversed-phase HPLC retention times of [99mTc]CpTT-PA, [185/187Re]CpTR- 
PA and their synthetic precursors 
Compound Retention time (mi n) 
4a 14 
4b 15.5 
5a 23 
5b 24 
[185/187Re]CpTR-PA 15.5 
[99mTc]CpTT-PA 17.5  
Table 4-2. Biodistribtuion of  radioactivity  in rats after co-injection of [ 99mTc]CpTT-PA and 
[125I]IPPAa 
 Time after injection 
 1 min 2 min 5 min 10 min 30 min 
 [99mTc]CpTT-PA 
Blood 4.59 (0.20) 2.70 (0.15) 0.93 (0.12) 0.41 (0.04) 0.38 (0.10) 
Heart 3.85 (0.58) 3.64 (0.48) 2.71 (0.44) 1.87 (0.14) 1.27 (0.28) 
Liver 3.04 (0.30) 5.01 (0.33) 6.44 (0.30) 7.56 (0.43) 7.86 (1.84) 
Kidney 1.07 (0.11) 1.15 (0.11) 1.30 (0.20) 1.76 (0.23) 1.79 (0.40) 
Stomachb 0.34 (0.04) 0.43 (0.02) 0.42 (0.05) 0.40 (0.05) 0.39 (0.10) 
Heart/Blood 0.84 (0.15) 1.35 (0.15) 2.93 (0.36) 4.60 (0.46) 3.44 (0.55) 
 [125I]IPPA 
Blood 1.28(0.10)* 0.57(0.09)* 0.78(0.15)* 0.78(0.18)* 0.92(0.13)* 
Heart 7.59(1.00)* 6.90(1.02)* 5.67(1.03)* 5.22(0.57)* 4.19(1.66)* 
Liver 2.60 (0.38) 3.56(0.30)* 3.56(0.38)* 3.71(0.39)* 2.65(0.61)* 
Kidney 1.45 (0.08) 1.55 (0.12) 1.41 (0.29) 1.30 (0.12) 1.16 (0.26) 
Stomachb 0.64 (0.11) 0.64 (0.05) 0.52 (0.05) 0.51 (0.05) 0.48 (0.14) 
Heart/Blood 5.98(1.12)* 12.46(3.29)* 7.59(2.33)* 7.11(2.57)* 4.52 (1.88) 
a Tissue radioactivity is expressed as %  ID/g for each group (n=5); results are expressed as 
mean (SD). 
b Expressede as %ID. 
Significances  determined by unpaired Student‘s t-test; (*) p < 0.05 compared to 
[99mTc]CpTT-PA.  
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whereas [99mTc]CpTT-PA showed a gradual 
increase with times. The radioactivity levels in the 
stomach were low for the two radiolabeled fatty 
acid analogs.   
Metabolic analysis. Metabolite analysis was 
carried out in an isolated perfused rat heart model. 
After completion of the perfusion, the rat heart 
contained 34.5±3.83% of perfused radioactivity 
for [99mTc]CpTT-PA and 90.5±4.59% for 
[125I]IPPA. More than 93% of 99mTc and 125I 
radioactivity in the heart homogenates was 
extracted into the organic phase. Figure 4-2 
depicts TLC radiochromatograms of the rat heart 
extract. The highest radioactivity counts were 
detected in fractions of higher Rf values than 
intact [99mTc]CpTT-PA or [125I]IPPA (55% for 
[99mTc]CpTT-PA and 76% for [125I]IPPA). The 
minor components were observed as 
[99mTc]CpTT-PA (15%) and more hydrophilic 
compounds (30%) for [99mTc]CpTT-PA, [125I]IPPA 
(14%) and more hydrophilic compounds (10%) 
for [125I]IPPA.  
  After hydrolysis of the rat heart extract, more 
than 92% of 99mTc and 125I radioactivity was 
recovered in the organic phase. Figure 4-3A 
shows RP-HPLC radiochromatograms of the 
hydrolyzed rat heart extract of 99mTc radioactivity 
trace (left) and 125I radioactivity trace (right). 
Besides [99mTc]CpTT-PA, multiple radioactivity 
peaks were observed at retention times shorter 
than [99mTc]CpTT-PA. A polar component (5.5 
min) showed a retention time similar to that of 
[99mTc]CpTT-propionic acid, as determined by 
co-chromatography. Similarly, the 125I radio- 
activity trace of the hydrolyzed heart extract 
exhibited some radioactivity peaks with the major 
radioactivity peak being observed at a retention 
time of 26 min, similar to that of 13-(p-iodo 
phenyl)tridecanoic acid, as determined by 
co-chromatography.  
  The rat heart perfusate was extracted by 
organic solvents with more than 92% efficiency 
for both 99mTc and 125I radioactivity. Figure 4-3B 
shows the radiochromatograms of the perfusate. 
[99mTc]CpTT-PA accounted for approximately 
50% of the radioactivity in the perfusate. Besides 
showed two major radioactivity peaks at retention 
times of 2.5 min and 5.5 min. The radioactive 
peak at a retention time of 5.5 min was co-eluted 
with [99mTc]CpTT-propionic acid. The 125I 
radioactivity trace showed [125I]IPPA along with a 
radioactivity peak at a retention time of 5 min, 
which was co-eluted with p-iodobenzoic acid. 
Approximately 40% of the radioactivity in the 
perfusate was detected at [125I]IPPA fraction. 
 
Discussion 
[99mTc]CpTT-PA and its precursors were 
synthesized according to the procedures similar to 
those of nonradioactive rhenium compounds, as 
outlined in Scheme 4-1, and were characterized 
by RP-HPLC using well-characterized their 
nonradioactive [185/187Re]rhenium counterparts as 
references. The RP-HPLC retention times of 
compounds 4a, 4b, 5a, 5b, [185/187Re]CpTR-PA 
and [99mTc]CpTT-PA are summarized in Table 4-1. 
99mTc-labeled compounds and their 
[185/187Re]CpTR counterparts exhibited similar 
changes in their retention times after each 
reaction. There observed slight differences in 
RP-HPLC retention times between [99mTc]CpTT 
derivatives and their [185/187Re]CpTR counterparts, 
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Figure 4-2. TLC radioactivity profiles of rat heart 
extracts after 2 h perfusion of [99mTc]CpTT-PA (A) 
and [125I]IPPA (B). Under these conditions, 
[99mTc]CpTT-PA and [125I]IPPA had Rf values of 
0.30 and 0.35, respectively. 
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Figure 4-3. RP-HPLC radioactivity profiles of 
hydrolyzed rat heart lipids (A) and rat heart 
perfusate (B) after 2 h perfusion of 
[99mTc]CpTT-PA and [125I]IPPA. RP-HPLC 
profiles of authentic samples are also shown 
in (C). Under these conditions, 
[99mTc]CpTT-PA, [99mTc]CpTT-propionic acid, 
[125I]IPPA, 13-(p-[125I]iodophenyl)- 
tridecanoic acid and p-[125I]iodobenzoic acid 
had retention times of 26 min, 5.5 min, 28.5 
min 26.5 min and 5 min, respectively. 
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and [99mTc]CpTT derivatives showed slightly 
longer retention times than did their 
[185/187Re]CpTR counterparts, as shown in Table 
4-1. Similar differences in RP-HPLC retention 
times were observed between [99mTc]CpTT 
derivatives and their [185/187Re]CpTR counterparts 
[23, 24]. From these results, we concluded that 
the chemical structure of [99mTc]CpTT-PA would 
be identical to its rhenium counterpart, 
[185/187Re]CpTR-PA.  
  The Langendorff perfusion study was 
performed according to the procedure of 
Yamamichi et al. [25] and Mori et al. [26] with 
slight modifications. The majority of perfused 
[125I]IPPA was incorporated in the myocardium 
and detected in lipid fractions as 
13-(p-[125I]iodophenyl)tri- decanoic acid (Figures 
4-2 and 4-3). On the other hand, 
p-[125I]iodobenzoic acid was observed as the 
major radiometabolite in the perfusate (Figure 
4-3). Previous studies of radiolabeled and 
non-radioactive IPPA in perfused heart showed 
the presence of a variety of metabolites including 
p-iodobenzoic acid and 11-(p-iodophenyl)- 
undecanoic acid along with a small amount of 
IPPA [27, 28]. A variety of radiometabolites were 
also observed in the hydrolyzed heart extracts of 
perfused heart following injection of [123I]BMIPP 
[25. 29, 30]. There were some differences in the 
components of perfusate between present and 
previous studies, which would have affected the 
metabolism of [125I]IPPA in the heart. These 
results indicated that the present Langendorff 
perfusion model would be appropriate for 
estimating fatty acid metabolism of the heart.  
  [99mTc]CpTT-PA exhibited the highest 
myocardial accumulation of 3.85 %ID/g at 1 min 
post-injection with a maximum heart-to-blood 
ratio of 4.60 at 10 min post-injection (Table 4-2). 
In the Langendorff perfusion study, 
approximately 34% of perfused [99mTc]CpTT-PA 
was retained in the heart and approximately 33% 
in the perfusates was present as metabolites 
(Figures 4-2 and 4-3). Since high in vivo stability 
of CpTM (M=99mTc or 186/188Re) structure has 
been well documented [17, 20, 23, 24, 31], the 
multiple radioactivity peaks on RP-HPLC 
between [99mTc]CpTT-PA and 
[99mTc]CpTT-propionic acid suggested the 
presence of multiple radiometabolites, as also 
observed in the metabolic studies of 
radioiodinated fatty acid analogs [25, 27-30]. The 
gathered findings demonstrated that 
[99mTc]CpTT-PA was incorporated into 
myocardium, recognized as a fatty acid and 
metabolized as such. 
  Figure 4-4 summarizes the fate of 
[99mTc]CpTT- PA and [125I]IPPA in perfused rat 
heart after 2 h recirculation of perfusate. The 
proportion of [99mTc]CpTT-PA incorporated into 
myocardium during perfusion was lower than that 
of [125I]IPPA (approximately 67% for 
[99mTc]CpTT-PA and 96% for [125I]IPPA). Similar 
results were observed in biodistribution study 
where myocardial uptake of [99mTc]CpTT-PA was 
significantly lower than that of [125I]IPPA (Table 
4-2). Besides passive diffusion, long chain fatty 
acids are incorporated into myocardium via 
protein-mediated system such as translocase 
/CD36 and fatty acid transport protein 1, 32-34. 
[99mTc]CpTT-PA is a lipophilic compound with a 
retention time slightly shorter than [125I]IPPA on 
RP-HPLC. Thus, the lower myocardial uptake of 
[99mTc]CpTT-PA would be attributable to the low 
affinity of [99mTc]CpTT-PA for the fatty acid 
transporter(s). This may also account for the 
slower elimination rate of radioactivity from the 
blood at earlier post-injection time of 
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Figure 4-4. The fate of [99mTc]CpTT-PA and [125I]IPPA in perfused rat hearts after 2 h recirculation of perfusate. 
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[99mTc]CpTT-PA. 
  Once taken up in the myocardium, more than 
92% of [99mTc]CpTT-PA was metabolized to 
[99mTc]CpTT-propionic acid or converted to lipids. 
Similarly, approximately 88% of perfused 
[125I]IPPA was metabolized or converted to lipids. 
The majority of [125I]IPPA was stored in lipids 
after one cycle of b-oxidation. In contrast, the 
majority of [99mTc]CpTT-PA was metabolized to 
[99mTc]CpTT-propionic acid, a metabolite after six 
cycles of b-oxidation of [99mTc]CpTT-PA, and 
excreted from the myocardium although 
[99mTc]CpTT-COOH was expected as the final 
radiometabolite. These results suggest that an 
introduction of [99mTc]CpTT moiety at the 
w-position of pentadecanoic acid may have 
hindered further recognition of [99mTc]CpTT- 
propionic acid by the enzymes involved in 
b-oxidation and may have affected metabolic 
pathway during b-oxidation. Similar results were 
observed in the metabolic studies of 
[99mTc]MAMA-HA in the liver and 
[99mTc]MAMA-HDA in the body, where 
[99mTc]MAMA-butyric acid was observed as the 
final radiometabolite of the two compounds [15. 
16]. [99mTc]CpTT-8-oxooctanoic acid also 
generated [99mTc]CpTT-4-oxobutyric acid in the 
body [23]. This suggests that an introduction of 
[99mTc]CpTT group at the w-position of a fatty 
acid would impair enzyme recognition less than 
that of [99mTc]MAMA or [99mTc]CpTT-oxo group.  
Conclusion 
At the initial stage of 99mTc radiopharmaceutical 
development, it was thought that Tc is a foreign 
substance and should be recognized as such by 
the body. However, the development of 
99mTc-labeled compounds that cross the intact 
blood-brain-barrier [35-37] stimulated the 
development of currently available 99mTc-labeled 
perfusion agents of the brain [38-39]. The 
findings in this study demonstrated for the first 
time that a long chain 99mTc-labeled fatty acid 
analog, [99mTc]CpTT-PA, was transported and 
metabolized as a substrate for the energy 
production of the heart. Thus, the present study 
may pave the way for developing 99mTc-labeled 
fatty acid analogs that provide myocardial fatty 
acid metabolism by external imaging in clinical 
studies.  
 
References 
[1] Koonen DP, Glatz JF, Bonen A, and Luiken JJ. 
Long-chain fatty acid uptake and FAT/CD36 
translocation in heart and skeletal muscle. 
Biochim. Biophys. Acta. 2005: 1736: 163-80.  
[2] van der Vusse GJ, Glatz JF, Stam HC, and 
Reneman RS. Fatty acid homeostasis in the 
normoxic and ischemic heart. Physiol Rev 1992: 
72: 881-940.  
[3] Corbett JR. Fatty acids for myocardial 
imaging. Semin Nucl Med 1999: 29: 237-58.  
[4] Nishimura S, and Ohta Y. BMIPP in angina 
pectoris. Int J Card Imaging 1999: 15: 35-9.  
[5] Shikama N, Nakagawa T, Takiguchi Y, 
Aotsuka N, Kuwabara Y, Komiyama N, Terano T, 
and Hirai A. Assessment of myocardial perfusion 
and fatty acid metabolism in a patient with 
Churg-Strauss syndrome associated with 
eosinophilic heart disease. Circ J 2004: 68: 595-8.  
[6] Schelbert HR. PET contributions to 
understanding normal and abnormal cardiac 
perfusion and metabolism. Ann Biomed Eng 
2000: 28: 922-9.  
[7] Astheimer L, Linse KH, Ramamoorthy N, and 
Schwochau K. Synthesis, characterization and 
evaluation of 99Tc/99mTc DIARS and DMPE 
complexes containing pentadecanoic acid. Int J 
Rad Appl Instrum B 1987: 14: 545-53.  
[8] Chu T, Zhang Y, Liu X, Wang Y, Hu S, and 
Wang X. Synthesis and biodistribution of 
99mTc-carbonyltechnetium-labeled fatty acids. 
Appl Radiat Isot 2004: 60: 845-50.  
[9] Jones GSJ, Elmaleh DR, Strauss HW, and 
Fischman A, J. 7, 10-Bis(2-mercapto-2-methyl)- 
propyl-7, 10-diazapalmitic acid: A novel, N2S2 
ligand for technetium-99m. Bioorg. Med. Chem. 
Lett 1996: 6: 2399-404.  
[10] Jung CM, Kraus W, Leibnitz P, Pietzsch H-J, 
Kropp J, and Spies H. Syntheses and first crystal 
structures of rhenium complexes derived from ω
-functionalized fatty acids as model compounds 
of technetium tracers for myocardial metabolism 
imaging. Eur. J. Inorg. Chem. 2002: 5: 1219-25.  
[11] Karesh SM, Eckelman WC, and Reba RC. 
Biological distribution of chemical analogs of 
fatty acids and long chain hydrocarbons 
containing a strong chelating agent. J Pharm Sci 
1977: 66: 225-8.  
[12] Liang FH, Virzi F, and Hnatowich DJ. The 
use of diaminodithiol for labeling small molecules 
with technetium-99m. Int. J. Rad. Appl. Instrum. 
B. 1987: 14: 63-67.  
[13] Mach RH, Kung HF, Jungwiwattanaporn P, 
and Guo YZ. Synthesis and biodistribution of a 
new class of 99mTc-labeled fatty acid analogs for 
myocardial imaging. Int J Rad Appl Instrum B 
1991: 18: 215-26.  
[14] Maresca KP, Shoup TM, Femia FJ, Burker 
-110- 
MA, Fischman A, Babich JW, and Zubieta J. 
Synthesis, characterization, and biodistribution of 
a Technetium-99m '3+1' fatty acid derivative. The 
crystal and molecular structures of a series of 
oxorhenium model complexes. Inorg. Chim. Acta. 
2002: 338: 149-56.  
[15] Yamamura N, Magata Y, Arano Y, 
Kawaguchi T, Ogawa K, Konishi J, and Saji H. 
Technetium-99m-labeled medium-chain fatty acid 
analogues metabolized by beta-oxidation: 
radiopharmaceutical for assessing liver function. 
Bioconjugate Chem 1999: 10: 489-95.  
[16] Magata Y, Kawaguchi T, Ukon M, 
Yamamura N, Uehara T, Ogawa K, Arano Y, 
Temma T, Mukai T, Tadamura E, and Saji H. A 
Tc-99m-labeled long chain fatty acid derivative 
for myocardial imaging. Bioconjug Chem 2004: 
15: 389-93.  
[17] Uehara T, Koike M, Nakata H, Miyamoto S, 
Motoishi S, Hashimoto K, Oku N, Nakayama M, 
and Arano Y. In vivo recognition of cyclopenta- 
dienyltricarbonylrhenium (CpTR) derivatives. 
Nucl Med Biol 2003: 30: 327-34.  
[18] Schibli R, and Schubiger PA. Current use 
and future potential of organometallic radio- 
pharmaceuticals. Eur J Nucl Med Mol Imaging 
2002: 29: 1529-42.  
[19] Mull ES, Sattigeri VJ, Rodriguez AL, and 
Katzenellenbogen JA. Aryl cyclopentadienyl 
tricarbonyl rhenium complexes: novel ligands for 
the estrogen receptor with potential use as 
estrogen radiopharmaceuticals. Bioorg Med Chem 
2002: 10: 1381-98.  
[20] Spradau TW, and Katzenellenbogen JA. 
Protein and peptide labeling with (cyclopenta- 
dienyl)tricarbonyl rhenium and technetium. 
Bioconjug Chem 1998: 9: 765-72.  
[21] Vogel M, Rausch M, and Rosenberg H. 
Derivatives of ferrocene. III. Preparation of acyl- 
and alkylferrocenes. Journal of Organic 
Chemistry 1957: 22: 1016-18.  
[22] Bhattacharyya S. Titanium(IV) Chloride- 
Triethylsilane: An Efficient, Mild System for the 
Reduction of Acylferrocenes to Alkylferrocenes. J 
Org Chem 1998: 63: 7101-02.  
[23] Lee BC, Choe YS, Chi DY, Paik JY, Lee KH, 
Choi Y, and Kim BT. 8-cyclopentadienyl- 
tricarbonyl 99mTc 8-oxooctanoic acid: a novel 
radiotracer for evaluation of medium chain fatty 
acid metabolism in the liver. Bioconjug Chem 
2004: 15: 121-7.  
[24] Skaddan MB, Wust FR, Jonson S, Syhre R, 
Welch MJ, Spies H, and Katzenellenbogen JA. 
Radiochemical synthesis and tissue distribution of 
Tc-99m-labeled 7alpha-substituted estradiol 
complexes. Nucl Med Biol 2000: 27: 269-78.  
[25] Yamamichi Y, Kusuoka H, Morishita K, 
Shirakami Y, Kurami M, Okano K, Itoh O, and 
Nishimura T. Metabolism of iodine-123-BMIPP 
in perfused rat hearts. J Nucl Med 1995: 36: 
1043-50.  
[26] Mori K, Hara Y, Saito T, Masuda Y, and 
Nakaya H. Anticholinergic effects of class III 
antiarrhythmic drugs in guinea-pig atrial cells: 
different molecular mechanisms. Circulation 
1995: 91: 2834-43.  
[27] Eisenhut M, Lehmann WD, and Sutterle A. 
Metabolism of 15-(4'-[123I]iodophenyl)- 
pentadecanoic acid ([123I]IPPA) in the rat heart; 
identification of new metabolites by high pressure 
liquid chromatography and fast atom 
bombardment-mass spectrometry. Nucl Med Biol 
1993: 20: 747-54.  
[28] Schmitz B, Reske SN, Machulla HJ, Egge H, 
and Winkler C. Cardiac metabolism of omega- 
(p-iodo-phenyl)-pentadecanoic acid: a gas-liquid 
chromatographic-mass spectrometric analysis. J 
Lipid Res 1984: 25: 1102-8.  
[29] Kropp J, Ambrose KR, Knapp FF, Jr., Nissen 
HP, and Biersack HJ. Incorporation of 
radioiodinated IPPA and BMIPP fatty acid 
analogues into complex lipids from isolated rat 
hearts. Int J Rad Appl Instrum B 1992: 19: 283-8.  
[30] Mokler FT, Lin Q, Luo H, McPherson DW, 
Beets AL, Bockisch A, Kropp J, and Knapp FF, Jr. 
Dual-label studies with [125I]-3(R)/[131I]-3(S)- 
BMIPP show similar metabolism in rat tissues. J 
Nucl Med 1999: 40: 1918-1927.  
[31] Uehara T, Jin ZL, Ogawa K, Akizawa H, 
Hashimoto K, Nakayama M, and Arano Y. 
Assessment of 186Re chelate-conjugated 
bisphosphonate for the development of new 
radiopharmaceuticals for bones. Nucl. Med. Biol. 
in press:    
[32] Bonen A, Campbell SE, Benton CR, 
Chabowski A, Coort SL, Han XX, Koonen DP, 
Glatz JF, and Luiken JJ. Regulation of fatty acid 
transport by fatty acid translocase/CD36. Proc. 
Nutr. Soc. 2004: 63: 245-49.  
[33] Brinkmann JF, Abumrad NA, Ibrahimi A, 
van der Vusse GJ, and Glatz JF. New insights into 
long-chain fatty acid uptake by heart muscle: a 
crucial role for fatty acid translocase/CD36. 
Biochem J 2002: 367: 561-70.  
[34] Ehehalt R, Fullekrug J, Pohl J, Ring A, 
Herrmann T, and Stremmel W. Translocation of 
long chain fatty acids across the plasma 
membrane--lipid rafts and fatty acid transport 
-111- 
proteins. Mol. Cell. Biochem. 2006: 284: 135-40.  
[35] Kung HF, Molnar M, Billings J, Wicks R, 
and Blau M. Synthesis and Biodistribution of 
Neutral Lipid-Soluble Tc-99m Complexes that 
Cross the Blood-Brain Barrier. J. Nucl. Med. 
1984: 25: 326-32.  
[36] Volkert WA, Hoffman TJ, Seger RM, 
Troutner DE, and Holmes RA. 99mTc-propylene 
amine oxime (99mTc-PnAO); a potential brain 
radiopharmaceutical. Eur. J. Nucl. Med. 1984: 9: 
511-16.  
[37] Yokoyama A, Yamada A, Arano Y, Horiuchi 
K, Yamamoto K, and Torizuka K. (1983). Tc-99m 
Bifunctional Radiopharmaceutical from a Glucose 
Derivatives: A Potential Agent for Brain Study. In 
E Deutsch and M Nicolini and H WagnerJr. (Eds.), 
Technetium in Chemistry and Nuclear Medicine 
(pp. 1051-53). New York: Raven Press. 
[38] Leveille J, Demonceau G, Roo MD, Rigo P, 
Taillefer R, Morgan RA, Kupranick D, and 
Walovitch RC. Characterization of Technetium- 
99m-L,L-ECD for Brain Perfusion Imaging, Part 
2: Biodistribution and Brain Imaging in Humans. 
J. Nucl. Med. 1989: 30: 1902-10.  
[39] Neirinckx RD, Canning LR, Piper IM, 
Nowotink DP, Pickett RD, Holmes RA, Volkert 
WA, Forster AM, Weisner PS, Marriott JA, and 
Chaplin SB. Technetium-99m d.l-HMPAO: A new 
radiopharmaceutical for SPECT imaging of 
regional cerebral blood flow. J. Nucl. Med. 1987: 
28: 191-202.  
[40] Machulla HJ, Dutschka K, Van Beuningen D, 
and Chen T. Development of 15-(p-iodine-123- 
phenyl)pentadecanoic acid for in vivo diagnosis 
of the myocardium. J. Radioanal. Chem. 1981: 
65: 279-86.  
[41] Folch J, Lees M, and Sloane S. A simple 
method for the isolation and purification of total 
lipids from animal tissues. J. Biol. Chem 1957: 
226: 497-509.  
 
 
-112- 
主論文目録 
 
本学位論文内容は以下の論文発表による． 
 
1.    Uehara, T.; Koike, M.; Nakata, H.; Miyamoto, S.; Motoishi, S.; Hashimoto, K.; Oku, 
N.; Nakayama, M.; Arano, Y.: In vivo recognition of cyclopentadienyltricarbonyl 
rhenium (CpTR) derivatives. Nucl. Med. Biol. 30, 327-334 (2003) 
2．   Uehara, T.; Jin, L. Z.; Ogawa, K.; Akizawa, H.; Hashimoto, K.; Nakayama, M.; Arano, 
Y.: Assessment of 186Re chelate-conjugated bisphosphonate for the development of 
new radiopharmaceuticals for bone. Nucl. Med. Biol. 34, 79-87 (2007) 
3．   Uehara, T.; Uemura, T.; Hirabayashi, S.; Adachi, S.; Odaka, K.; Akizawa, H.; Magata, 
Y.; Irie, T.; Arano, Y.: Technetium-99m-labeled long chain fatty acid analogs 
metabolized by b-oxidation in the heart. J. Med. Chem. 50, 543-549 (2007) 
4.    Uehara, T.; Koike, M.; Nakata, H.; Hanaoka, H.; Iida, Y.; Hashimoto, K.; Akizawa, H.; 
Endo, K.; Arano, Y.: Design, synthesis and evaluation of [188Re]organorhenium-labeled 
antibody fragments with renal enzyme-cleavable linkage for low renal radioactivity levels. 
Bioconjugate Chem. 18, 190-198 (2007) 
 
参考論文 
1.     Sato, M.; Toyozaki, T.; Odaka, K.; Uehara, T.; Arano, Y.; Hasegawa, H.; Yoshida, K.; Yoshida, 
I. K.; Yoshida, T.; Horie, M.; Tadokoro, H.; Irie, T.; Tanada, S.; Komuro, I.: Detection of 
experimental autoimmune myocarditis in rats by 111In monoclonal antibody specific for 
tenascin-C. Circulation 106, 1397-1402 (2002) 
2．   Magata, Y.; Kawaguchi, T.; Ukon, M.; Yamamura, N.; Uehara, T.; Ogawa, K.; Arano, Y.; 
Temma, T.; Mukai, T.; Tadamura, E.; Saji, H.: A Tc-99m-labeled long chain fatty acid 
derivative for myocardial imaging. Bioconjugate Chem. 15, 389-393 (2004) 
3.    Fujioka, Y.; Satake, S.; Uehara, T.; Mukai, T.; Akizawa, H.; Ogawa, K.; Saji, H.; Endo, K.; 
Arano, Y.: In vitro system to estimate renal brush border enzyme-mediated cleavage of Peptide 
linkages for designing radiolabeled antibody fragments of low renal radioactivity levels. 
Bioconjugate Chem. 16, 1610-1616 (2005)  
4.    Ogawa, K.; Mukai, T.; Arano, Y.; Otaka, A.; Ueda, M.; Uehara, T.; Magata, Y.; Hashimoto, K.; 
Saji, H.: Rhemium-186-monoaminemonoamidedithiol-conjugated bisphosphonate derivatives 
for bone pain palliation. Nucl. Med. Biol. 33, 513-520 (2006) 
-113- 
本学位論文の審査は千葉大学大学院薬学研究院で指名された下記の審査委員によ
り行われた． 
 
 主査 千葉大学大学院教授（薬学研究院） 薬学博士 荒野 泰 
 副査 千葉大学大学院教授（薬学研究院） 薬学博士 山本恵司 
 副査 千葉大学大学院教授（薬学研究院） 薬学博士 堀江利治 
 副査 千葉大学大学院教授（薬学研究院） 薬学博士 西田篤司 
 副査 千葉大学大学院教授（薬学研究院） 工学博士 根矢三郎 
 
 
